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The synthesis of heterocyclic compounds and their incorporation into total synthesis 
strategies are described.  Three synthetic methodologies toward substituted indoles, isochromans, 
and fused multi-ring oxazolidinones have been examined.  With the progress that has been made, 
further investigations will hopefully carry the concept to completion. 
 Chapter I is an introductory examination of the varied types and systematic nomenclature 
of heterocyclic structures, including common names.  This continues on to their commercial and 
industrial usage, and their great importance in biological systems and natural product chemistry.  
Finally, examples of heterocycles in fused-ring natural products and examples of historical and/or 
commercial value are examined by heteroatom-containing ring structure. 
 Chapter II reports upon historical indole synthesis methodology, and schemes of novel 
strategies towards Fischer indole precursors and eventual indolization.  The methodology consists 
of investigations into the viability of the condensation of quinone mono ketals (QMK) and non-
enolizable alkyl hydrazines (tert-butylhydrazine and tert-butylcarbazate), in two methodological 
series, to yield diazenes.  This lead towards an initial foray into the Fischer cyclization of resultant 
diazene products emanating from the condensation of QMKs and enolizable alkyl hydrazines.  The 
v 
 
second permutation consists of the condensation reaction of nitrosobenzenes and alkylamines, 
once again towards Fischer indolization reactions. 
Chapter III delves into the Lewis acid-promoted, Friedel-Crafts cyclization/ 
intramolecular C-glycosylation of trimethylsilylbenzyl ether-tethered oxolanes and oxanes 
compounds, including one glucosyl example.  The methodology only sporadically progresses to 
product when the TMS directing group is not present, and its necessity was proved through 
previously-executed deuterium experiments.  Exhaustive proofs of structures are explored through 
spectroscopic techniques. 
Chapter IV examines the incorporation of 2-oxazolone-tethered terminal conjugated 
dienes as means towards tricyclic cycloadducts through intramolecular Diels-Alder reactions.  The 
resulting common core precursors are the focus of a divergent synthetic strategy.  From this 
approach, divergent families of natural products can be synthesized from the common precursor 
through direct incorporation of the tricyclic intermediate, or through a scission-rearrangement 
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Heterocycles in Natural Products Synthesis 
 
1.0 Heterocyclic Compounds 
A heterocycle is defined as a cyclic structure containing at least two different elements,1 
i.e., a ring containing at least one atom that is not carbon.2  Heterocycles are an important and 
diverse class of compounds, and the largest subdivision of organic chemistry.  This is partially due 
to their ubiquitous incorporation in biological processes, such as nucleotides in DNA, amino acids, 
glycogen, and thiamine (vitamin B1).  Heterocycle applications range from drug discovery to 
pharmaceutical preparations, to industrial uses as solvents and raw materials for use in synthesis 
 
1.1 History 
Although aromaticity was not conceived of until August Kekulé published his seminal 
papers on the structure of benzene in 1865 and 1866,3, 4 aromatic heterocycles were known from 
the earliest days of organic chemistry, such as when in 1818 Brugnatelli reported the synthesis of 
alloxan 2 from the oxidation of uric acid 1, Scheme 1.2, 5  
 
Scheme 1:  Brugnatelli's synthesis of alloxan 2 (1818) 
Benzofuran 4 was discovered as the naturally-occurring compound in the 1890s from coal tar, and 




Scheme 2: Perkin's synthesis of benzofuran from coumarin (1870) 
 
In the latter part of the 19th century, indole was found to be the major structural feature of 
indigo, an important natural dye in the past, and pyrrole — first isolated in 1834 from the dry 
distillation of bones, was determined to be an important component of hemin, bilirubin, and 
chlorophyll.2  During this same period of prolific discovery, pyrimidine, a nitrogenous base found 
in nucleosides and nucleotides, along with vitamins, such as thiamine, was first isolated in 1891 
by Kossel.7 
While always an integral part of organic and biochemistry, heterocyclic chemistry became 
the target of intense investigation from the mid-20th century to date, reflecting the realization of 
the significance of heterocyclic compounds in biological systems.  The series of monograms, 
Chemistry of Heterocyclic Compounds, made its first appearance in 1950, and is periodically 
updated to reflect the current state of heterocyclic synthesis, now comprising over one hundred 
volumes.  Important journals focusing on the chemistry of heterocyclic compounds appeared 
during this time, as well.  Journal of Heterocyclic Chemistry made its debut in 1964, and the 
journal, Heterocycles, first appeared in 1973. 
 
1.2 Common Heterocycles 
Although virtually all of the common small ring and fused cyclic heterocyclic ring 
structures are known by their trivial names, and will be referred to as such, the IUPAC 
nomenclature will be provided parenthetically. 
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1.2.1 Rings Containing One Heteroatom  
1.2.1.1 Three-membered Rings 
The simplest examples of heterocycles are three-membered rings containing a single 
heteroatom, most commonly O or N, and are of lesser significance in biological functioning, as 
ring strain leads to higher reactivity.  This renders them less likely to be found outside of transient 
biological roles.  The simple epoxide, ethylene oxide (oxirane), has great industrial importance as 
an integral reactant in the manufacture of detergents, solvents, and plastics.8  Ethylene imine 
(aziridine) is the nitrogen-containing analogue of ethylene oxide, and its main importance is in 
organic synthesis as precursors to amines, diamines, and hydroxylamines, but it is also used as a 
crosslinker in the polymer industry.  Some common examples of three-membered heterocycles 
appear in Figure 1. 
 
 
Figure 1:  Three-membered heterocycle examples. a) Ethylene oxide (oxirane) b) Ethylene imine (aziridine) c)   
   Ethylene sulfide (thiirane) d) (2H-azirine) 
 
1.2.1.2 Four-membered Rings 
Like three-membered rings, the four-membered heterocycles also lack stability due to ring 
strain introduced through their constrained bonds, and are not commonly found in natural products.  
1,3-propylene oxide (oxetane) is the oxygen-containing cyclobutane analogue, and is notably 
found as a component of the anti-cancer drug, Taxol.  Related four-membered heterocycles appear 




Figure 2:  Four-membered heterocycle examples. a) 1,3-propylene oxide (oxetane) b) 1,3-propyleneimine (azetidine) 
  c) trimethylene sulfide (thietane) d) oxetene (2H-oxete) 
 
1.2.1.3 Five-membered Rings 
Five-membered (and larger), heterocycles are far more stable than three- and four-
membered ring systems, as they can eliminate ring strain through conformation changes and often 
are stabilized through aromaticity.  Furan 13, the aromatic oxygen-containing analogue, is useful 
as a reactant in organic synthesis, and its saturated counterpart, tetrahydrofuran 14, is an important 
industrial solvent.    Furan is produced from the incomplete combustion of wood as an unwanted 
side product, and from incineration, but is produced industrially from the decarbonylation of 
furfural.  Furfural itself is distilled from the acidified solutions of corncobs, bran husks, and other 
agricultural waste products.  Industrially, THF is synthesized through the catalytic hydrogenation 
of furan.  Pyrrole 15, the fully-unsaturated N-containing, five-membered heterocycle, has 
substantial presence in biological processes, while pyrrolidine 16, the fully-saturated analogue, is 
also present in nature and pharmaceutical compounds.  The sulfur-containing, unsaturated 
compound is called thiophene 17.  Common members are illustrated in Figure 3. 
 
 
Figure 3:  Five-membered heterocycle examples. a) Furan (furan) b) Tetrahydrofuran (oxolane)  c) Pyrrole 




1.2.1.4 Six-membered Rings 
In the class of six-membered heterocyclic rings, the N-containing, aromatic compound, 
pyridine 18 and the saturated piperidine 19 are of significant importance in both biological and 
synthetic roles.  Pyridine is an important solvent and reagent in organic chemistry, while also is 
present as a structural component of some drugs and biosynthetic compounds.  Piperidine is also 
useful as a solvent and is found in many pharmaceuticals.  Examples of common saturated and 
unsaturated, one heteroatom heterocycles are listed in Figure 4. 
 
 
Figure 4:  Six-membered heterocycle examples. a) Pyridine (pyridine) b) Piperidine (piperidine) c) Pyran 
            (2H-pyran) d) Tetrahydropyran (oxane) 
 
1.2.1.5 Seven-membered Rings  
The N-containing heterocycle, azepane 22 has applications in the pharmaceutical and 
industrial industries, and is the main structural feature in several drugs and pesticides.  Examples 
of seven-membered heterocycles are as presented in Figure 5. 
 
 




1.2.2 Rings Containing Two Heteroatoms 
1.2.2.1 Five-membered Rings 
Imidazole 24, the aromatic, five-membered heterocycle containing two nitrogen atoms at 
the 1,3-position is highly important in the pharmaceutical industry, as the compound is found in 
many natural products.  Of lesser biological importance is oxazole 25 and isoxazole 26, 
heterocycles containing O and N heteroatoms in the 1,3- and 1,2-positions, respectively.   Vinylene 
carbonate 27 is essentially an unsaturated cyclic carbonate ester and was first reported in 1953 as 
the dienophile in a Diels-Alder reaction.9  2-Oxazolone 28, the unsaturated N, O variant of vinylene 
carbonate, has also found use as a dienophile in Diels-Alder reactions, Figure 6.10-16 
 
 
Figure 6:  Selected five-membered heterocycles containing two heteroatoms. a) Imidazole (1H-imidazole) b)   
   Oxazole (1,3-oxazole) c) Isoxazole (1,2-oxazole) d) Vinylene carbonate (1,3-dioxol-2-one) e) 2- 
   oxazolone(oxazol-2(3H)-one) 
 
1.2.2.2 Six-membered Rings 
Diazenes, six-membered, aromatic heterocycles containing two nitrogen atoms, appear as 
three structural isomers; pyridazine 29, pyrimidine 30, and pyrazine 31.  While pyridazine (1,2-
diazene) and pyrazine (1,4-diazene) have little importance in biological systems, pyrimidines are 
of the utmost importance in living organisms, being one of the two classes of nitrogenous bases 
found in nucleic acids.  As an example of a saturated heterocycle containing two oxygens, the 




Figure 7:  Selected six-membered heterocycles containing two heteroatoms. a) Pyridazine (1,2-diazene) b) 
   Pyrimidine (1,3-diazene) c) Pyrazine (1,4-diazene) d) 1,4-dioxane (1,4-dioxane) 
 
1.2.3 Fused Bicyclic Heterocycles 
Examples of fused bicyclic heterocycles containing one heteroatom are shown in Figure 8.  
Indole 33 is an important, recurring motif found in many natural products and medications.  
Coumarin 38 is the precursor to anticoagulants, and quinoline 34 and isoquinoline 35 have 
industrial and pharmaceutical applications. 
 
 
Figure 8:  Fused bicyclic heterocycles  a) Indole (indole)  b) Quinoline (quinoline) c) Isoquinoline 
     (isoquinoline) d) Chromene (2H-1-benzopyran) e) Isochromene (1H-2-benzopyran) f) Coumarin 
     (2H-chromen-2-one) 
 
1.3 Heterocycles in Natural Products 
Natural products are organic compounds that are produced in living organisms that perform 
necessary functions in the upkeep and operation of biological systems.  These compounds are often 
very highly complex and regio- and stereospecific in their biosynthesis and function, e.g., enzymes 
and enzymatic transformations.  A primary metabolite is a compound created in organisms that are 
necessary for the continued functioning of life.  These compounds tend to be universal in scope 
and are necessary for primary metabolic pathways.  Secondary metabolites are the end result of 
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secondary metabolic pathways and are varied and often species-specific in nature.   Many of these 
compounds contain at least one heterocyclic ring in their core structures or as an appendage. 
 
1.3.1 Primary Metabolites 
Primary metabolites are compounds that are found in all organisms, and are of importance 
to the vital processes of biological systems.  Heterocycles occupy an integral position in this class 
of compounds, and a few important examples shall be illustrated, below. 
 
1.3.1.1 Carbohydrates 
Carbohydrates are polyhydroxy compounds, and in the case of unsubstituted mono-
saccharides and sugars containing a hemiacetal functionality can assume either a straight chain or 
cyclic structure, depending on the polarity of the solvent.  When cyclized, carbohydrates are 
typically five or six-membered rings containing one oxygen, although there are exceptions, such 
as glucosamine, possessing a 2-amino functionality in place of the normal hydroxyl group, for 
example.  A simple saccharide consists of only one carbohydrate ring, e.g., glucose 39, the primary 
energy source for plants and animals.  When combined, they are termed, di-, tri-, oligo-, or 
polysaccharides, depending on the number of subunits, Figure 9.  Carbohydrates have many 
important roles in biological organisms, with the most obvious being as an energy source for 
muscles, the brain, and CNS (glycogen 42), but they also are found in cell membrane surfaces as 
integral proteins (glycoproteins) as recognition markers, MHC self markers, and components of 
immunoglobulins.  They also play vital structural roles, such as cell walls in plants, chitin in 




Figure 9:  Carbohydrate examples. a) Monosaccharide:  Glucose  b) Disaccharide:  Sucrose c) Trisaccharide:  
          Raffinose d) Polysaccharide:  Glycogen 
 
1.3.1.2 Amino Acids 
Amino acids are the building blocks of proteins and enzymes, and as such, are integral to 
life.  Of the twenty naturally-occurring amino acids, three contain a heterocyclic -substituent; 
proline, histidine, and tryptophan, Figure 10.  Proline 43, the only 2° amino acid, contains a 
pyrrolidine ring, formed from the cyclization of the -side chain with the N-terminus, while 
histidine 44 and tryptophan 45 possess an imidazole and indole, respectively, bonded to an -
methylene group. 
 
Figure 10:  Heterocycle-containing amino acids. a) L-proline  b) L-histidine c) L-tryptophan 
 
1.3.1.3 Nucleic Acids 
Deoxyribonucleic acid (DNA) is the basis for all forms of known life.  DNA, found within 
the nuclei of cells, is transcripted to ribonucleic acid (RNA), which is then translated into proteins 
biosynthesized from amino acids.  Both DNA and RNA are polymers comprised of nucleotides.  
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These nucleotides, themselves, are composed of a sugar, deoxyribose or ribose, a phosphate, and 
a nitrogenous base, Figure 11. These bases are of two classes, purines and pyrimidines. 
The nucleotides in DNA are paired through hydrogen bonding and bind two polymeric 
DNA chains in a right-handed double helix superstructure.  The pyrimidines and purines form 
either two or three hydrogen bonds to each other, forming pyrimidine/purine pairs, 
(adenine/thymine 46/49, and guanine/cytosine 47/48).  The DNA double helix is stored in cell 
nuclei as tightly coiled structures, and when needed, segments are uncoiled, separated, and 
translated into RNA by specialized proteins. 
 
 
Figure 11:  Nucleotides and nucleic bases. a) DNA subunit  b) RNA subunit c) Nitrogenous bases d) Pairing of  
     nucleotides in DNA Double Helix 
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1.3.2 Secondary Metabolites 
Secondary metabolites are compounds that are not directly necessary for the proper 
functioning of organisms.  Unlike primary metabolites, their removal from an organism will not 
result in the immediate cessation of life.  Secondary metabolites tend to be species-specific, and 
are not ubiquitously found across a large number of life forms.  Their roles are often case-specific 
and the result of considerable chemical-biological evolution.  These include, but are not limited to 
interspecies competition, foliage protection (toxic metabolites), and intraspecies communication.  
As a result, these molecules often find use as therapeutic agents – cytotoxic, anti-carcinoma 
compounds, antibiotics, analgesics, antihypertensives, anxiolytics, antipsychotics, etc. 
 
1.3.2.1 Natural Products Incorporating Heterocyclic Rings  
A natural product is any compound synthesized by living organisms.  Heterocycles have a 
prominent position in the structure of many natural products, and hence, this is the source of their 
ubiquitous presence in medicinal chemistry.  A great many have been identified, but a brief survey 
of 4,5,6, and 7-membered azacyclic species is illustrative.  A historically-important example of 
four-membered heterocycles in natural products is that of Penicillin G 51, discovered in 1928 by 
Fleming.17  This early antibiotic of great importance during WWII was integral in fighting bacterial 
infection before the loss of effectiveness from overuse, causing widespread drug resistance.  The 
core structure of penicillins contain a 4-thia-1-azabicyclo[3.2.0]heptane bicycle, Figure 12a. 
A well-known naturally-occurring drug containing a five-membered heterocycle is cocaine 
52.  Cocaine is a CNS stimulant and is isolated from the leaves of the coca plant, indigenous to the 
Andes Mountain region of South America.  The cocaine core structure is a 6-methyl-6-
azabicyclo[3.1.1]heptanes bicycle, Figure 12b. 
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The alkaloids found in the resin of the opium poppy, contain a piperidine ring in the core 
structure. The most important alkaloid is morphine 53, a powerful narcotic analgesic, albeit with 
a very strong propensity towards physical dependence, Figure 12c.  The diacetylation of the two 
hydroxyl groups, allows the analogue, known as heroin, to pass through the blood-brain barrier, 
increasing its potency. 
Cephalotaxine 54, trade name Synribo/Myelostat, an alkaloid found in Cephalotaxus 
harringtonia, is a natural product consisting of a fused five ring core structure, one being a 
nitrogen-containing, seven-membered ring.  This compound is used in chemotherapy regimens to 
combat acute myeloid leukemia, Figure 12d.18 
 
 
Figure 12:  Heterocycle-containing natural products. a) 4-membered ring: Penicillin G b) 5-membered 
                 ring:  Cocaine c) 6-membered ring: Morphine d) 7-membered ring: Cephalotaxine 
 
1.4 Heterocyclic Compounds in Drug Discovery 
Heterocycles play an integral role in drug discovery/medicinal chemistry.  As previously 
mentioned, heterocycles are ubiquitous in living organisms and biologically-active natural 
products, so it is understandable that these same structures would also be prominent in the 
pharmaceutical industry.  A brief description of a few illustrative examples will follow. 
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Clopidogrel, trade name Plavix 55, contains a fused thieno-tetrahydropyridine bicycle.  
Plavix is indicated for use as an anticoagulant to lower the risk of stroke, blood clots, and post-
myocardial infarction, and was first approved in 1997, Figure 13a.  Primarily marketed as an 
antipsychotic drug for the treatment of schizophrenia, aripiprozole, trade name Abilify 56, contains 
a dihydroxyquinolinone fused-ring heterocycle tethered to an N-phenylpiperazine ring via an n-
butyl chain, Figure 13b.  Another example is atorvastatin, better known by its trade name, Lipitor 
57.  Of the given examples, Lipitor has the highest molecular weight at 463.55 g/mol, but still is 
comfortably within the desired mass for pharmaceuticals.  The central functionality is a fully-
substituted pyrrole ring, including a para-fluorophenyl functionality, Figure 13c.  As a final 
example, esomeprazole, trade name Nexium 58, is an anti-ulcer medication that inhibits the 
functionality of the proton pumps in the stomach.  Nexium consists of a sulfoxide-coupled 
benzimidazole and trisubstituted pyridine, Figure 13d. 
 
 




1.5 Synthetic Transformations in Heterocyclic Chemistry 
As a result of the prevalence of heterocycles in natural products and pharmaceuticals, many 
elegant synthetic methodologies have been developed to access them.  In this thesis we aim to 
introduce three distinct methods for the synthesis of heterocyclic systems.  In Chapter II, a novel 
modification of the Fischer indole synthesis shall be presented, followed by, in Chapter III, 
intramolecular C-aryl glycosidations via Friedel-Crafts reaction, resulting in cyclization.  Finally, 
Chapter IV will present the intramolecular Diels-Alder reaction of oxazolone as part of a novel 
divergent synthesis strategy.  This section will provide a very brief introduction to these 
methodologies, which will be explored in detail as delineated, above. 
 
1.5.1 Modified Fischer Indole Synthesis 
The Fischer indole synthesis, reported by Emil Fischer in 1883,19 is the forefather of indole 
syntheses.  The original reaction commences through the condensation of an arylhydrazine and 
aliphatic ketone, forming a hydrazone.  This then isomerizes to an ene-hydrazine, then undergoes 
a [3,3]-sigmatropic rearrangement, before cyclization and rearomatization to indole, Scheme 3a. 
Over the decades, there have been numerous modifications of the Fischer Indolization, and 
we endeavored to introduce a novel modification utilizing aliphatic amines, condensed with either 
a quinone mono ketal (QMK) or a nitrosobenzene, before following the Fischer indolization 




Scheme 3: Fischer indole synthesis 
 
1.5.2 Intramolecular C-aryl Glycosidation 
C-glycosides are a class of naturally-occurring compounds that have a carbon-carbon 
anomeric linkage as opposed to the normal acetal functionality found in polysaccharides.  
Intermolecular C-glycosidation results in C-analogues of normal polysaccharides.  The glycosidic 
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bond is defined as the linkage between the C1 substituent (the “anomeric” carbon), and another 
sugar molecule. 
Whereas intermolecular C-glycosidation leads to carbon-linked analogues of normal, O-
glycosides, intramolecular C-glycosidation forms new fused ring systems and heterocyclic rings 
when a heteroatom is incorporated into the preexisting structure.  For example, in Scheme 4, benzyl 
ether 59, the two rings, the tetrahydropyran (deoxysugar) and the phenyl ring are tethered by the 
ether moiety.  Upon activation, an oxocarbenium cation is formed in 60, and Friedel-Crafts-type 
cyclization then ensues to form a new isochroman fused ring system, 61.  We will discuss and 




Scheme 4: Generalized intramolecular C-aryl glycosidation route 
 
1.5.3 Intramolecular Diels-Alder Reaction of Oxazolone 
The Diels-Alder reaction is a [4+2] cycloaddition where an alkene (the dienophile) and 
diene are cyclized to form a new cyclohexene ring.20  Intermolecular DA reactions will form fused 
ring systems or bicyclic systems when the dienophile is a cyclic compound, while intramolecular 
DA reactions will form multiple-fused-ring systems. 
The system that will be investigated in Chapter IV is an intramolecular DA reaction where 
2-oxazolone 28 as a dienophile is coupled via N to a diene fragment 62.  The formed triene 63 then 
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undergoes a [4+2] cycloaddition, affording a tricyclic fused-ring structure 64, containing an 
oxazolidinone heterocyclic ring, Scheme 5.  Variation in tether length, functionality, and 
substitution pattern will allow access to a diverse range of structures. 
 
 





Novel Reactions of Quinone Mono Ketals with Hydrazines 
 
2.0 Novel Reactions of Quinone Mono Ketals with Hydrazines — Towards Substituted 
Indoles 
2.1 Introduction 
Substituted indoles are an important class of compounds found in many natural products.21, 
22  To date, there have been over 200 indole synthesis methodologies published, with the most 
important still being the Fischer indole synthesis. In fact, a large number of methodologies are 
based on this strategy, or are a modification of this important reaction.  The structure of indole 33 











Figure 14:  Indole (2,3-benzopyrrole) numbering system 
 
In a 2011 review, Taber classified the myriad syntheses of indole into nine main types,21 
Figure 15, introducing order into a previously random collection of strategies. 
In the following sections, a few of the major indole syntheses will be discussed.  The 
Fischer indolization (Type 1 of the Taber system), is the oldest and most venerated, and will be 
discussed first, along with two modifications.  Due to the limited scope and available space of this 
19 
 
thesis, the remainder of examples will be limited to two additional well-known examples of the 






































Figure 15:  Taber’s proposed classification of indole syntheses by general disconnect type 
 
2.1.1 Fischer Indole Synthesis 
The Fischer indole synthesis was first reported by Emil Fischer in 1833, and has remained 
a highly important method for the creation of indole systems, today.23, 24  Through various 
modifications of the original methodology, the Fischer indole synthesis’ utility has been expanded 
to incorporate difficult to synthesize structures, or those targets’ functionalities that are not 
amenable to the original procedure.  Following a discussion of the original Fischer methodology, 
a series of modified procedures will be examined. 
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The Fischer indole synthesis commences with an arylhydrazine, and through amination, is 
coupled to a ketone to form a hydrazone.  This arylhydrazone undergoes cyclization via 
protonation/tautomerization, followed by a [3,3]-sigmatropic rearrangement, and finally 
cyclization, culminating in aromatization and expulsion of ammonia, Scheme 6a.  For a detailed 
mechanism of a generic Fischer indole synthesis, see Scheme 6b. 
 
 
Scheme 6: Fischer indole synthesis 
 
As an example of the Fischer indolization incorporated into the synthesis of bioactive 
compounds, a strategy towards the completion of the anti-migraine drug, Sumatriptan, is provided.  
In Albinson and coworkers’ synthesis of Sumatriptan,25 p-(N-methylsulfonamido)-methylaniline 
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65 underwent diazotization with NaNO2 and HCl to deliver hydrazine 66.  The phenylhydrazine 
was condensed with chlorohydroxybutane sulfonate 67, an aldehyde surrogate, which undergoes 
Fischer indolization to the chloroethylindole.  Under the reaction conditions, the indole undergoes 
further substitution to tryptamine 68 in 63% yield.  The substrate is unstable under highly acidic 
reaction conditions, but is buffered by the presence of sodium hydrogen phosphate.  A final 
transformation of the 1° amine to the N,N-dimethylamino functionality completes the synthesis, 
yielding Sumatriptan 69, Scheme 7. 
 
 
Scheme 7:  Albinson's synthesis of Sumatriptan 
 
2.1.1.1 The Japp-Klingemann Modification 
The Japp-Klingemann modification of the Fischer indole synthesis is an example of the 
Type 1 approach.  While attempting to synthesize azo ester 72 in 1887, Japp and Klingemann, 
instead, isolated the decomposition product, the phenylhydrazone of ethyl pyruvate 73, Scheme 
8a.26, 27  In a series of papers that year, Japp and Klingemann reported on the coupling of 
phenyldiazonium chloride 70 and sodium 2-methyl-3-oxobutanoate 74, which yielded 




Scheme 8:  Japp-Klingemann reaction 
Eventually, the Japp-Klingemann reaction was employed as a means to phenylhydrazones 
not readily available, difficult to synthesize, or lacking in stability under the original Fischer 
indolization conditions.  An early example of the Japp-Klingemann reaction employed in a Fischer 
indole synthesis was reported by Robinson and coworkers in 1927.  Ethyl 3-phenylindole-2-
carboxylate 79, was synthesized from phenyldiazonium chloride 70 and -ketoester 77, en route 
to the synthesis of harmaline, Scheme 9.33 
 
 
Scheme 9:  Robinson's Japp-Klingemann Fischer indole synthesis 
 
For a more recent example, in 2013, De and Rigby employed the Japp-Klingemann 
modified Fischer indole synthesis while advancing towards the total syntheses of 
debromoflustramine B and debromoflustramide B.34  The synthesis commenced with the Japp-
Klingemann reaction of aniline 80 and -ketoester 81 (diazotization, deprotonation, hydrazone 
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formation), providing hydrazone 82.  The phenylhydrazone 82 was cyclized to 2,3-substituted 
indole 83 in refluxing HCl and ethanol (to prevent transesterification/hydrolysis), in 58% yield 
from 80 on a >5 g scale.  In six and seven steps, the syntheses of debromoflustramine B 84 and 
debromoflustramide 85, respectively, were completed, Scheme 10. 
 
 
Scheme 10:  De's Japp-Klingemann modified Fischer indole synthesis 
 
2.1.1.2 Buchwald Modification of the Fischer Indole Synthesis 
A second example of a modification of the Type 1 Fischer indole synthesis is Buchwald’s 
palladium-catalyzed, organometallic approach to the Fischer indolization precursor.  In 1998, 
Buchwald and coworkers reported on the use of the palladium-catalyzed cross-coupling reaction 
of amines with aryl halides,35-38 later applied to the Fischer indole synthesis.39  This modification 
provides access to phenylhydrazones that are sensitive or not easily accessible through the 
traditional Fischer methodology of phenylhydrazine and ketone condensates.  Substituted or 
unsubstituted bromobenzene 86 is cross coupled with diphenylhydrazone 87 using Pd(OAc)2 and 
BINAP (2,2′-bis(diphenylphosphino)-1,1′-binaphthyl)  to yield phenylhydrazone 88.  This 
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intermediate hydrazone allows for a greatly higher yield of indole, and has the added benefit of 
high stability allowing for short-term storage, eliminating the need for single-use preparation 
where unstable phenylhydrazones are necessitated.  Phenylhydrazone 88 and ketone 89 are cross-
condensed, where the desired enolizable hydrazone 90 is prepared in situ under Fischer indole 
conditions to yield indole 91, Scheme 11. 
 
 
Scheme 11:  Buchwald modification of Fischer indole synthesis 
 
2.1.2  Gassman Indole Synthesis (Type 5 Approach) 
The Gassman indole synthesis is an interesting indole synthesis, incorporating a [2,3] 
sigmatropic rearrangement of a phenylamino-sulfonium tether.  In 1973, Gassman and coworkers 
reported on novel methodology for use in the synthesis of indoles substituted in the 1,2,4,5 and/or 
7 positions.40, 41  In a one-pot reaction, a substituted aniline 92 is chlorinated through tert-butyl 
hypochlorite to form the N-chloroaniline 93.  Through an SN2 attack by thiomethyl ketone 94 on 
N-chloroaniline 93, results in N-sulfonium aniline 95, which is then converted to sulfur ylide 96 
through deprotonation.  This ylide then spontaneously undergoes a [2,3]-sigmatropic 
rearrangement followed by tautomerism/rearomatization, resulting in 97, before undergoing 




Scheme 12:  Gassman indole synthesis 
 
As an example of the utility of the Gassman indole synthesis, in 2007, Danishefsky and 
coworkers reported the total synthesis of racemic phalarine 107.  The key transformation in this 
step was a Gassman indole synthesis, after the failure of the Japp-Klingeman modification of the 
Fischer indole synthesis failed to produce the desired product in adequate yield.42, 43 
The direct coupling of N-tosylindoline 99 with a preformed indole moiety resulted in yields 
that were “very low,” so a less direct route was employed.  For the sake of brevity, the initial 
several steps of their route have been omitted, and the synthesis will continue from Gassman indole 
precursor 100.  Through the series of transformation described above in Scheme 12, the Gassman 
indole procedure (three steps, one pot), provided thiomethylindoline 104 in 66% yield (78% based 
on recovered starting material).  Selective amide reduction and Raney nickel desulfuration 
provided 7-methoxyindole 105 in 90% yield over two steps.  The indole of 105 was reacted with 
N,N-dimethyl ammonium chloride 106 to form a gramine structure (3-(dimethylaminomethyl) 
indole), and to finish the synthesis, the N-tosyl bond was cleaved using Na(Hg) amalgam and 




Scheme 13: Danishefsky's total synthesis of phalarine employing a Gassman indole synthesis 
2.1.3 Leimgruber-Batcho Indole Synthesis (Type 5) 
First reported by Leimgruber and Batcho in 1985, the Leimgruber-Batcho Indole Synthesis 
is an oft-used method to afford indoles unsubstituted in the 2,3-position, while providing access to 
4, 5, 6, and/or 7-substitution patterns, and tolerable to a wide range of functionalities.44  The 
synthesis starts from substituted or unsubstituted o-nitrotoluenes 108 and is reacted with N,N-
dimethylformamide dimethyl acetal (DMFDMA) 109 and pyrrolidine to provide nitrobenzene 
enamines 110.  The final step is a reductive cyclization of 110 using Raney nickel and hydrazine 
(or other reducing agents), to produce the desired 1H-indole 111, Scheme 14.  An earlier version 
of the method used the dimethyl acetal substitution product directly, without displacement by 
pyrrolidine.22 
 
Scheme 14:  Leimgruber-Batcho indole synthesis 
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In 2003, in their studies of PKCinhibitors, Faul et al., employed a modified Leimgruber-
Batcho Indole Synthesis.45, 46  The synthesis was initiated as a normal Leimgruber-Batcho 
synthesis, with the coupling of o-nitrotoluene 112 with DMFDMA 109 and pyrrolidine to produce 
the pyrrolidine enamine 113 in 94% yield.  Diverging from the normal Leimgruber-Batcho 
methodology, enamine 113 was converted to the dimethylacetal 114 in 84% yield.  Nitrobenzene 
114 was then reduced to aniline 115 by Pd/C and H2 in an overall yield from o-nitrotoluene 112 in 
79%.  A convergent reductive amination and cyclization to piperidone 116 was effected with 
sodium triacetoxyborohydride and acetic acid to provide indole 117 in 76% yield, Scheme 15. 
 
 
Scheme 15:  Faul's modified Leimgruber-Batcho indole synthesis of PKC inhibitor 117 
 
There are many individual indole syntheses that can be classified into nine basic strategies 
based upon ring disconnects.  A few of the more important ones have been covered in this section, 
including the novel modified Fischer indole syntheses attempted in the Zheng group. 
Shengping Zheng’s modified Fischer indole synthesis (Type 7/Type 1), the basis of the 
work of this chapter, focuses upon the previous unreported coupling of alkyl hydrazines with 
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unsaturated ketones (quinone mono ketals) and the formation of diazenes from aryl nitroso 
compounds with alkyl amines.  The preliminary methodological study of the former was to 
establish reactivity and the viability of such an approach. 
 
2.2 The Synthesis of Diazenes from a Series of Quinone Mono Ketals 
2.2.1 Quinone Mono Ketals in Diazene Synthesis 
2.2.1.1 Introduction 
The synthesis of aryl- and alkylphenyldiazenes is based upon the well-known oxidation of 
phenols and substituted phenols to 2,5-cyclohexadienones, or quinine mono ketals (QMK) using 
hypervalent iodine species such as PIDA or PIFA.  Earlier methods of oxidizing phenols to QMKs 
include the use thallium(III),47 lead(IV),48-53 iron(III),54-59 peroxides,60-62 and electrochemical 
methods.63  PIFA (see Figure 16b, pg. 33) was first reported for use as an oxidant in the synthesis 
of QMKs by Tamura, et al. in 1987.64  In practice, PIDA is preferred over PIFA, as it is less toxic 
and more cost efficient.  Many QMKs are known in the literature, but their use in the synthesis of 
aryl- and alkylphenyldiazenes was novel.  A typical example of PIDA oxidation to a QMK is that 
of 3,5-dimethylphenol 118 to the ketal using 2 equivalents of PIDA in MeOH, acting both as the 
solvent and reactant, proceeding to product 119 in a respectable 80% yield, Scheme 25a.65  The 
PIDA oxidation of p-methoxyphenol 120 to the corresponding ketal 121, using one equivalent of 
PIDA, proceeds to product at an excellent 99% yield,65 and is a typical representation of PIDA 
oxidation of para-substituted phenols, Scheme 16b. There is one caveat, though; the yields tend to 




Scheme 16:  Archetypal PIDA-promoted oxidation of phenols to QMKs 
 
The mechanism of oxidation is thought to follow one of two pathways, either additive or 
dissociative.  In the additive mechanism, the nucleophile attacks before the loss of phenyliodide, 
Scheme 17a, while in the dissociative mechanism, which has theoretical and experimental 
evidence in support,66 the tertiary carbocation is thought to form upon ejection of the phenyliodide, 
followed by attack of the nucleophile providing QMK, Scheme 17b.  For clarity, the proposed 
mechanism for the two equivalent PIDA oxidation of phenol to 4,4-dimethoxy-cyclohexa-2,5-





Scheme 17:  Mechanistic pathways of PIDA oxidation of phenols to QMKs 
 
2.2.1.2 Diazenes Originating from Alkylhydrazines as Precursors to Fischer Indolization 
The synthesis of aryldiazenes from quinone mono ketals (QMKs) are known in the 
literature,49, 67-69 albeit with only one example utilizing alkylhydrazines; these shall be discussed 
in the following sections.70  The most basic example is of 4,4-dimethyoxycyclohexa-2,5-dienone 
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121 and phenylhydrazine hydrochloride 122, delivering (E)-1-(4-methoxyphenyl)-2-
phenyldiazene 123, Scheme 18a.71  A more complicated example was reported by Carreño and 
coworkers in 2004,72 in which BOC-protected QMK 124 underwent coupling with perfluorinated 
tolylhydrazine 125 to provide azobenzene 126 in 90% yield, Scheme 18b. 
 
 
Scheme 18:  Literature examples of aryl-aryldiazenes from QMKs 
 
Our proposed route from QMKs to alkyl-aryldiazenes, followed by subsequent Fischer 
indolization is as follows:  After PIDA oxidation of phenols 127 to QMKs 128, condensation with 
alkyl hydrazines 129 initially produce cyclohexa-2,5-dienone hydrazones 130.  These hydrazones 
then spontaneously rearomatize to aryl-alkyldiazenes 131, and finally tautomerize, yielding 
“enolizable” alkyl-aryldiazenes 132.  These diazenes would then be subjected to Fischer 
indolization conditions, providing substituted indoles 133.  Initially, the phenyldiazenes would be 
synthesized by reaction with either tert-butylhydrazine or BOC-hydrazide to determine the scope 
of the methodology as applied to various substrates.  This would avoid added complexity due to 
side reactions or enolization products from the desired couplings before attempting the syntheses 




Scheme 19:  General scheme for modified Fischer indolization 
 
When compared with the standard Fischer indolization, the Zheng modification arrives at 
the key hydrazone 132 via the complementary disconnection.  Whereas the traditional Fischer 
indole synthesis condenses an arylhydrazine with a carbonyl, Zheng proposed coupling the aryl 
moiety with an alkylhydrazine 129, after which the standard Fischer pathway would ensue. 
As an alternative to the modification of the Fischer indole synthesis, above, we also would 
endeavor to synthesize the indolization precursor (phenyl-alkyldiazene) via the condensation of 
substituted and unsubstituted nitrosobenzenes and alkylamines, Scheme 20. 
 
 
Scheme 20:  Nitrosobenzene/amine modified Fischer indole synthesis 
 
The project was to culminate in novel methodology used to synthesize 3-substituted indoles 
from phenyldiazenes derived from the coupling of nitrosobenzenes and -amino acids.  The 
adapted procedure of Cheng and coworkers, possessed a literature yield of the condensation of 
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nitrosobenzene and butylamine, albeit of only 26%,73 but was used as a starting point for the 
coupling of nitrosobenzenes and α-substituted amino acids 135.  Based upon this, we envisioned 
that once the diazenes were in hand, decarboxylation would provide hydrazone 137 after 
isomerization to the cis-double bond, followed by a Fischer indole synthesis, Scheme 21. 
 
Scheme 21:  Route to synthesize 3-substituted indoles from nitrosobenzenes and amino acids 
 
2.2.2 Overview of Phenyliodosodiaceate (PIDA) Transformations 
PIDA and PIFA are hypervalent iodine oxidants, Figure 16, useful in many organic 
transformations, ranging from the oxidation of alkenes and alkynes, the promotion of cyclization 
to heterocyclic compounds, and the oxidation of phenols to quinone mono ketals (QMK).  This 
short review will be limited to PIDA reactions and a small sampling of possible transformations, 
as a thorough and complete treatment of the subject is beyond the scope of this thesis.  For further 
information, see the review by Moriarity and Prakesh.74 
 
 
Figure 16:  Hypervalent iodine species.  a) PIDA structure.  b) PIFA structure. 
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2.2.2.1 PIDA-mediated Cyclization to Heterocycles 
PIDA-mediated oxidations have proven useful in the construction of complex heterocyclic 
systems.  A brief overview of selected examples follows. 
Du, Zhao, and coworkers reported in 2009 on the cyclization of enamines to 2H-azirines, 
and in the case of phenylenamines, the process could be further continued to provide substituted 
indoles.75  From various disubstituted enamines 139 containing an electron-withdrawing group 
trans to the amino functionality, PIDA-mediated cyclization proceeded to trisubstituted 2H-
azirines 140.  Du and Zhao reported the synthesis of fourteen examples ranging in yields from 
50% – 88%, Scheme 22a. 
The proposed mechanism of cyclization is straightforward:  The amine nitrogen of enamine 
139 attacks the iodine of PIDA and ejects an acetate, which subsequently removes a hydrogen 
from the now-positively charged amine, providing the intermediate enamine-phenyliodoso acetate 
adduct.  Attack by the double bond upon the iminium cation forms the azirinium ring, and expels 
phenyliodide and acetate.  The free acetate then proceeds to deprotonate the azirinium ring, 
providing substituted azirine 140, Scheme 22b. 
 
 
Scheme 22:  Du and Zhao’s PIDA-mediated cyclization of enamines to 2H-azirines 
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 Du and Zhao also found that upon heating in xylene of phenyl-substituted azirine products 
141 containing a nitrile or ethyl ester substituent as the electron withdrawing group, substituted 
indoles 142 could be produced.  They synthesized eight examples ranging in yield from 42 – 94%, 
Scheme 23a.  Apparently while attempting to form indoles from precursor phenylazirines 
containing a ketone electron-withdrawing group 143, Du and Zhao instead found these 
phenylazirines provided phenylisoxazoles 144 instead, in yields ranging from 80 – 92%, Scheme 
23b. 
 
Scheme 23:  Indoles from 2H-azirenes and unexpected isoxazole formation 
Later, in 2012 Du, Zhao, and coworkers reported on the cyclization of enamides to 
oxazoles, stemming from the failure of a PIFA-mediated cyclization of methyl 2-acetamido-3-
phenylacrylate 145 to form methyl N-acetylindole-2-carboxylate 146, Scheme 28a.76  Although, 
even at reflux, the reaction failed to produce any indole product, Du and Zhao did isolate a small 
quantity of oxazole arising from intramolecular cyclization of the amide and ester.  It was found 
during optimization of this reaction that PIDA with BF3.OEt2 in DCE at reflux resulted in a 90% 
yield of oxazole 147, Scheme 28b.  Continuing on with these optimized reaction conditions, a 
series of fourteen enamide substrates 148 were synthesized, providing oxazoles 149, ranging in 




Scheme 24:  PIDA-mediated cyclization of enamides 
Also in 2012, Wirth and Singh reported on the metal-free cyclization of o-hydroxystilbenes 
and styryl-2-naphthols into 2-arylbenzofurans and 2-naphthofurans using one equivalent of PIDA 
as the oxidant.77  Using a series of mono-substituted benzene functionalities on o-hydroxystilbene 
150, the compounds underwent cyclization to arylbenzofurans 151 in yields of 68-86%, over a 
series of  eleven examples, Scheme 29a.  The same reaction conditions were applied to three aryl-
substituted naphthols 152, and naphthofurans 153 were returned in yields ranging from 88 to 95%, 
Scheme 29b. 
 
Scheme 25:  PIDA-mediated cyclization of hydroxystilbenes and styryl naphthols 
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In an interesting example of PIDA-mediated cyclization to heterocyclic compounds, in 
2014 Long and coworkers reported on the synthesis of benzimidazoles and quinazolines from a 
common precursor, Scheme 26.78  Starting from a common phenylcarboximidamide intermediate 
155, the heterocyclization pathway could be directed to either product through the polarity of the 
solvent.  When the PIDA-mediated cyclization was performed using a non-polar solvent (toluene), 
the products returned were quinazolines 154.  Long reported on twenty-four examples, ranging 
from a low 5% to a highly respectable 95% yield.  When a polar solvent was used (acetonitrile), 
the reaction instead provided benzimidazole products 156, with yields ranging from a trace amount 
to quantitative over twenty-one examples. 
 
Scheme 26: Quinazolines and benzimidazoles from a common precursor 
  
The reaction follows two distinct mechanistic pathways, after the addition of PIDA to the amine 
of 157.  In a non-polar solvent. the amine of 158 is converted to an imine, through an electrocyclic 
fragmentation with the concomitant expulsion of phenyliodide and acetic acid resulting in diimide 
155.  Protonation of the distal imine, results in carbocation formation, followed by electrophilic 
aromatic cyclization to the quinazoline precursor.  After rearomatization of the benzene ring, 
oxidation of the amine creates the pyrimidine ring of quinazoline 154. 
 In a polar solvent the mechanism differs from the non-polar pathway, by losing aromaticity 
first, forming two imines, then ejecting phenyl iodide and acetic acid.  The distal imine then attack 
the benzenoid carbocation, resulting in the formation of an imidazolium ring.  The loss of a proton 
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restores aromaticity in the benzene ring and simultaneously forms the fused imidazole leading to 
benzimidazole 156. 
 
Scheme 27:  Proposed mechanisms leading to quinazolines and benzimidazoles 
 In 2018 Cui and coworkers reported a one-pot synthesis of 2H-benzo[b][1,4]oxazines 
161.79  The route begins from PIDA-mediated cyclization of substituted iminopentenylphenols 159 
to spiro[5,5]-undecatetraenones 160.  Through the addition of triethylamine in an air atmosphere, 
160 rearranges to 2H-benzo[b][1,4]oxazines 161.  Twenty-five examples were synthesized, 




























Scheme 28:  PIDA-mediated syntheses of 2H-benzo[b][1,4]oxazines 
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 In the proposed mechanism, 162 first tautomerizes to imine-enol 163, at which point PIDA 
addition to the phenolic hydroxyl promotes attack by the enol hydroxyl on the benzene ring, 
oxidizing the phenolic alcohol-PIDA adduct to ketone 164.  Spontaneous electrocyclic ring 
opening to 165 is followed by addition of O2, creating 166, leading to  radical dismutation to form  
imino-phenol 167.  This newly-formed phenolic hydroxyl then proceeds through a 1,2-addition to 
the central ketone to cyclize to benzo[1,4]oxazine 168. 
 
Scheme 29:  Proposed mechanism to substituted 2H-benzo[b][1,4]oxazines 
 
2.3 Novel Diazene Syntheses by Direct Condensation of t-Butylhydrazine with Quinone 
Mono Ketals and Related Compounds 
As an initial foray into a novel approach to indole syntheses via a modified Fischer 
indolization approach, we synthesized model diazenes from mono-substituted alkyl hydrazines 
and QMKs.  As previously mentioned, Fischer indolization precursors originating from aryl 
hydrazines are long known, but those from the alternative alkyl hydrazine disconnection have not 
appeared in the literature yet.  In order to show that this reversal of methodology was feasible, it 
was necessary to prepare a series of non-enolizable alkyl-phenyldiazenes.  Phenyldiazenes that 
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were not capable of undergoing Fischer indolization would lessen the chance of undesired side 
products while also ascertaining the feasibility and efficiency of the methodology. 
The first series of phenyldiazenes were prepared from an array of QMKs/p-quinol ethers 
and n-butylhydrazine, but this approach was eventually abandoned due to less-than-desirable 
yields.  To improve yields, BOC-hydrazides were substituted for n-butylhydrazines, and the results 
were mostly acceptable.  All phenyldiazene products proved readily amenable to purification by 
flash column chromatography.  In the t-butyl diazene series, the reactions were quenched with DI 
water, partially evaporated to remove excess methanol, and extracted with DCM.  The organic 
layers were then washed with dilute sodium bicarbonate, DI water, and a saturated brine solution, 
then dried over anhydrous sodium sulfate as a standard workup.  For the BOC-diazene group, the 
reactions were quenched with sodium bicarbonate, evaporated to dryness by rotary evaporation, 
dissolved in ethyl acetate, then extracted with a saturated sodium bicarbonate solution, DI water, 
and a saturated brine solution.  BOC-phenyldiazene was also studied for a side project involving 
attempted reduction of phenyldiazenes to anisole. 
Various QMK substrates were synthesized through standard literature procedures, Scheme 
30a;74 (Generally, 1.02 – 1.1 equivalents of PIDA in methanol for the addition of one methoxy 
group, and 2.05 – 2.2 equivalents of PIDA in methanol for the addition of two methoxy groups.  
While a wide range of structural variation was employed, this should not be considered a 
completely comprehensive study, as we used only those phenols directly in hand.)  These 
procedures also worked equally well for the p-quinol ether series and related compounds, Scheme 
30b (henceforth, “QMK” will be used as a generic term encompassing both QMKs proper and p-




Scheme 30:  General scheme of QMK condensation with hydrazines to form diazenes 
Firstly, QMKs were reacted with t-butylhydrazine.HCl in a series of alkyldiazene 
syntheses.  Initial attempts at pre-forming the free hydrazine using TEA, followed by addition to 
a solution of QMK, failed to yield any discernible product.  Three standard protocols were then 
screened and developed:  a) Sodium methoxide in methanol, b) triethylamine in methanol, and c) 
methanol with heating.  These modifications allowed for the successful formation of the desired 
N-tert-butylphenyldiazenes, as will be shown below.  In the BOC-hydrazide series an alternate set 
of three procedures were employed:  a) Acetic acid in methanol, b) Trifluoroacetic acid in 1,2-
dichloroethane, and c) Trifluoroacetic acid in methanol. 
A full discussion of each example in turn follows below. 
 
2.3.1 Synthesis of 1-(tert-butyl)-2-(4-methoxy-3,5-dimethylphenyl)diazene 169 
3,5-dimethylphenol 118 was first oxidized by PIDA in methanol to produce 4,4-
dimethoxy-3,5-dimethylcyclohexa-2,5-dienone 119 in 30% unoptimized yield.80  This material 
was then reacted with t-butylhydrazine in methanol, affording diazene 169 in 30% yield.  In hopes 
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of improving the yield, the reaction was performed under the following conditions:  NaOMe in 
methanol, but unfortunately, the reaction failed to yield any product.  This was possibly due to 
methoxide being too strong a base in this circumstance to allow for protonation of one of the 
departing methoxy groups.  Further optimization was attempted through a solvent change to 
chloroform and acetonitrile, but neither reaction provided any product, Scheme 31. 
 
Scheme 31:  Synthetic route to 1-(tert-butyl)-2-(4-methoxy-3,5-dimethylphenyl)diazene, 169 
 
2.3.2 Synthesis of 1-(tert-butyl)-2-(3,4-dimethoxyphenyl)diazene 172 
3,4-dimethoxyphenol 170 was oxidized to 3,4,4-dimethoxycyclohexa-2,5-dienone 171 
with PIDA in methanol following a literature procedure.81  The reaction of QMK 171 and t-
butylhydrazine was run with sodium methoxide in methanol at reflux, and a maximum yield of 
37% of phenyldiazene 172 was attained.  No further attempts at optimization were made at the 
time, Scheme 32. 
 
 
Scheme 32:  Synthetic route to 1-(tert-butyl)-2-(3,4-dimethoxyphenyl)diazene, 172 
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2.3.3 Synthesis of 1-(tert-butyl)-2-(4-methoxy-2,6-dimethylphenyl)diazene 175 
4,4-dimethoxy-2,6-dimethylcyclohexyl-2,5-dienone 174 was synthesized from 2,6-
dimethyl-phenol 173 using Camps’ literature procedure.82  Camps reported a 48% yield of the 2,6-
dimethyl QMK, and the reaction produced similar results in our hands, albeit with some initial 
difficulty, requiring a number of attempts before any product was obtained.  This is most likely 
due to the steric crowding adjacent to the reaction center interfering with the approach of the bulky 
hypervalent iodine reagent, PIDA.  This resulting steric congestion around the carbonyl of 174, 
also proved troublesome with respect to hydrazone formation in the attempted synthesis of diazene 
175.  Under the standard conditions of TEA in methanol, even with heating, no product was 
detected by TLC or 1H NMR spectroscopy.  This reaction was subsequently abandoned without 
additional attempts to synthesis this compound in favor of more amenable substrates, Scheme 33. 
 
 
Scheme 33:  Synthetic route to 1-(tert-butyl)-2-(4-methoxy-2,6-dimethylphenyl)diazene, 175 
 
2.3.4 Synthesis of 1-(tert-butyl)-2-(3-iodo-4-methoxyphenyl)diazene 178 
After selecting a halide-substituted phenol with an iodide in the preferable meta-position 
176, the standard PIDA oxidation proceeded to dienone 177 in 56% literature yield.83  The reaction 
of 177 with t-butylhydrazine proceeded under sodium methoxide conditions to a white, crystalline 




Scheme 34:  Synthetic route to 1-(tert-butyl)-2-(3-iodo-4-methoxyphenyl)diazene, 178 
 
2.3.5 Synthesis of 1-(tert-butyl)-2-(2-iodo-4-methoxyphenyl)diazene 181 
After the success of the 3-iodo analogue, which so far had provided the highest yield of the 
t-butylphenyldiazene series, the synthesis of the 2-iodo analogue was attempted.  2-iodophenol 
179 was oxidized by PIDA to 2-iodo-4,4-dimethoxycyclohexa-2,5-dienone 180.83  The reaction of 
180 with t-butylhydrazine appeared to be successful at first, as the TLC showed a characteristic 
spot indicative of diazene formation, but upon analysis of the crude proton NMR spectrum, it was 
apparent that while a diazene product did form, it was not the desired product 181.  Instead, it was 
the product where the 2-iodo functionality was reduced, providing tert-butyl-4-methoxy-
phenyldiazene 182.  No further purification of the product was attempted, Scheme 35. 
 
Scheme 35: Synthetic route to 1-(tert-butyl)-2-(2-iodo-4-methoxyphenyl)diazene 181 
 
  We then turned our attention to the analogous p-quinone ethers and related compounds.  
These too are readily available by oxidation of p-substituted phenols.  In this instance successful 
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condensation with hydrazine yields the hydrazone followed by deprotonative rearomatization to 
the diazene, Scheme 30b, vide supra. 
 
2.3.6 Synthesis of 1-([1,1'-biphenyl]-4-yl)-2-(tert-butyl)diazene 185 
4-methoxy-4-phenylcyclohexa-2,5-dienone 184 was synthesized via PIDA oxidation from 
p-phenylphenol 183 through a literature procedure (PIDA in methanol),84 and was then coupled 
with t-butylhydrazine .  Initial reaction conditions were TEA in chloroform, but only a small 
quantity of diazene 185 formed.  This was visible by 1H NMR spectroscopy, despite a number of 
failed attempts.  Therefore, new reaction conditions were chosen, NaOMe in methanol, and a 
change from tert-butylhydrazine to the HCl salt.  These changes in reaction conditions led to a 
modest 29% yield.  Further attempts at optimization under microwave conditions led to 
decomposition.  The product may not be stable enough to endure the increased temperatures found 
within the microwave reactor, Scheme 36. 
 
Scheme 36:  Synthetic route to 1-([1,1'-biphenyl]-4-yl)-2-(tert-butyl)diazene, 185 
2.3.7 Synthesis of 1-(tert-butyl)-2-(p-tolyl)diazene 188 
The next analogue that was synthesized was 1-(t-butyl)-2-(p-tolyl)diazene 188.  The 
synthesis started with the PIDA oxidation of 4-methylphenol 186 to 4-methyl-4-
methoxycyclohexa-2,5-dienone 187.82  Under the standard conditions of NaOMe in methanol, 
diazene 188 was synthesized from 187 in 25% yield, Scheme 37a.  An attempt to improve the yield 
by replacing the 4-methoxy leaving group with an electron-withdrawing O-acetate was 
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undertaken.  From the same phenol 186, the PIDA oxidation was repeated, but this time in acetic 
acid, 4-acetoxy-4-methylcyclohexa-2,5-dienone 189 resulted.85  Utilizing the by now standard 
diazene formation protocol (NaOMe in MeOH), the reaction was run at room temperature, due to 
the O-acetate being a more labile leaving group.  Unfortunately, the yield of 188 did not increase, 
but actually decreased to 13%, Scheme 37b, for reasons that are unclear at this time. 
 
Scheme 37:  Synthetic route to 1-(tert-butyl)-2-(p-tolyl)diazene 188 
  A series of more complex QMKs were now investigated.  This started with sesamol 190, 
a phenol featuring a cyclic methylene-dioxy acetal. 
2.3.8 Synthesis of 1 (5-(tert-butyldiazenyl)-2-methoxyphenoxy)methanol 192 
An attempt to synthesize a diazene from a phenol containing a cyclic fused-ring leaving 
group was performed.  The synthesis proceeded from benzo[d][1,3]dioxol-5-ol 190 to 7a-
methoxybenzo[d][1,3]dioxol-5(7aH)-one 191 via PIDA oxidation.64  It was unclear whether the 
reaction of 191 with tert-butylhydrazine would proceed through ring opening to provide (5-(tert-
butyldiazenyl)-2-methoxyphenoxy)methanol 192, or to follow the normal pathway of methoxide 
elimination to yield 1-(benzo[d][1,3]dioxol-5-yl)-2-(tert-butyl)diazene 193.  Unfortunately, the 




Scheme 38:  Synthetic route to (5-(tert-butyldiazenyl)-2-methoxyphenoxy)methanol 192 
2.3.9 Synthesis of 1-(tert-butyl)-2-(1-methoxynaphthalen-2-yl)diazene 196 
An attempt to synthesize a bicyclic diazene analogue of naphthalene 196 was undertaken.  
The route was initially promising, with a 94% yield for the formation of 1,1-dimethoxy-
naphthalen-2(1H)-one 195 through the PIDA oxidation of naphthalen-2-ol 194..86 However, the 
following hydrazone formation/rearomatization reaction failed to provide the desired product, 196.  
The reaction was attempted several times, and after the consumption of the starting material 195, 
a promising orange spot at an appropriate Rf formed on the TLC, but no product was detected by 
proton NMR, and the reaction was abandoned to screen other more favorable phenols, Scheme 39. 
 
Scheme 39:  Synthetic route to 1-(tert-butyl)-2-(1-methoxynaphthalen-2-yl)diazene, 196 
 
2.3.10 Synthesis of 1-(tert-butyl)-2-(4-ethyl-2-methoxyphenyl)diazene 199 
In addition to the 4,4-disubstituted precursors, a 6,6-dimethoxycyclohexa-2,4-dienone was 
synthesized 198, and subjected to the diazene formation methodology.  The synthesis was expected 
to be difficult due to the previously observed effect of steric hindrance caused by substitution on 
either of the ortho positions relative to the reaction center.  Nevertheless, the route began from the 
PIDA oxidation of 4-ethyl-2-methoxyphenol 197, which proceeded in an acceptable 75% yield to 
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4-ethyl-6,6-dimethoxycyclohexa-2,4-dienone 198.  Unfortunately, when o-QMK 198 was 
subjected to NaOMe in methanol in the presence of tert-butylhydrazine under heating, no t-
butylphenyl diazene 199 resulted, Scheme 40.  Presumably this was due to steric demands as 
discussed earlier. 
 
Scheme 40:  Synthetic route to 1-(tert-butyl)-2-(4-ethyl-2-methoxyphenyl)diazene 199 
 
2.3.11 Synthesis 1-(4-bromo-2-methoxyphenyl)-2-(tert-butyl)diazene 203 
A second attempt at synthesizing a 2-methoxyphenyldiazene was performed.  Starting from 
2-methoxyphenol 200, 4-bromo-2-methoxyphenol 201 was synthesized via electrophilic aromatic 
substitution with NBS in DMF,87 and oxidized with PIDA to 4-bromo-6,6-dimethoxycyclohexa-
2,4-dienone 202.88  However, the attempted reaction of the conjugated ketone of 202 with t-
butylhydrazine to produce 1-(4-bromo-2-methoxyphenyl)-2-(tert-butyl)diazene 203 once again 
ended in failure to yield any desired product most likely due to steric hinderance between the 
carbonyl and adjacent acetal, and choice of reagents, Scheme 41. 
 
Scheme 41:  Synthetic route to 1-(4-bromo-2-methoxyphenyl)-2-(tert-butyl)diazene 203 
A summary of the attempted t-butylhydrazine condensations appear, below, in Table 1. 
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Table 1:  Yields of t-butyldiazenes from QMKs, cont. a) NaOMe, MeOH b) TEA, MeOH c) MeOH,  
 
An analysis of the overall substitution pattern shows certain trends.  When the leaving 
group is in the 4-position, as in all standard QMK examples the reactions tend to proceed towards 
product.  Nevertheless, there are other factors that can influence reactivity. 
Sterics certainly appear to play a role.  For example, QMK substitution in the 3-position 
does not interfere with the formation of products.  QMK 177, possessing 3-iodo substitution, 
proceeded to diazene 178 in 46% yield, while the 3-methoxy QMK 171 afforded diazene 172 in 
37% yield.  Whether election withdrawal/donation via induction or resonance plays a role in this 
reactivity cannot be ascertained without further experimentation utilizing a broad range of 
substitution at the 3-position.  However, apparently, meta-substitution is too far from the reaction 
center to interfere with the efficacy of the reaction, as illustrated by t-butyldiazene formation 
utilizing 3,5-dimethyl QMK 119.  This reaction proceeded to diazene 169 in 30% yield, 
statistically similar to the previous yield for the 3-mono-substituted diazene 172. 
This was not the case for 2-substituted QMKs.  The difference was dramatic, as every 
example of 2- and 2,6-substituted QMKs (174, 180, and 198) failed to deliver any product 
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(although, in the case of 2-iodo-4-methoxyphenyldiazene 181, the diazene was produced, albeit 
lacking the iodo-substituent 182, a result we have yet to explain).  This clearly illustrates that under 
the reaction conditions employed, a plausible steric interaction between t-butylhydrazine and any 
substitution in the 2- or 6-position, precludes any formation of the desired product. 
Steric hindrance also appeared pivotal in the reaction of 6,6-dimethoxy QMKs with t-
butylhydrazine.  All three examples containing acetals in this location (195, 198, and 202), failed 
to yield any desired diazene product. 
 
2.4 Diazene Syntheses Utilizing tert-Butylcarbazate Hydrochloride 
2.4.1 Introduction 
The yields of the tert-butyl series, above, was less than satisfactory, so we decided a change 
in the hydrazine component was necessary.  BOC-hydrazide was chosen due to it again being non-
enolizable, but also less hindered than the bulky tert-butylhydrazine.  It was hoped this would 
overcome the previous inadequate performance resulting from steric hinderance.  Other clear 
differences include initial nucleophility of the hydrazine species, and enhanced NH acidity of the 
intermediate hydrazone.  The general reaction pathway for N-BOC-protected phenyldiazenes is 
similar to that of the previous N-tert-butyldiazenes, and is illustrated in Scheme 42, below. 
 
Scheme 42:  General scheme of QMK condensation with t-BOC-hydrazide to form diazenes 
52 
 
The conditions that were initially used to synthesize the N-BOC-phenyldiazenes were 
AcOH in methanol, as per the method of Kita and coworkers.89  Initial yields were adequate in the 
40-50% range, but optimization was necessary.  In fact, the final conditions were found while 
attempting to coerce diazene formation from 4-acetamido-4-methyl-2,5-cyclohexadienone 223 
(Section 2.4.12).  Acetamides are very poor leaving groups and the QMK would not react under 
any conditions tried; AcOH, and several Lewis Acids failed to provide any diazene as product.  
Eventually, dilute TFA was used and the product was isolated in 41%.  It should be noted that neat 
TFA had been tried very early on, and resulted in instantaneous decomposition.  The overall 
reactivity in solvents followed this trend: DCE>chloroform>methanol.  Whereas methanol at first 
seemed to be the solvent of choice with the more labile QMKs, in all cases this led to greater 
formation of side products.  This optimized methodology was then extended to the other QMK 
variants using TFA in DCE (~0.01 equivalents), providing moderate to excellent yields, as will be 
discussed herein. 
 
2.4.2 Synthesis of tert-Butoxy-2-(4-methoxyphenyl)diazenecarboxylate 204 
The first diazene analogue synthesis proceeded from the simplest QMK 121.  Oxidation of 
4-methoxyphenol 120 followed the literature example given by Pelter.80  The initial conditions for 
the coupling and aromatization of 121 with BOC-hydrazide were methanol and heat, but after 
several attempts, no product was detected,  Addition of a Lewis acid, zinc chloride, in methanol 
also failed to yield any detectable product, as did triethylamine in methanol.  Finally, working 
reaction conditions were found — warm acetic acid in toluene at 60 °C, providing 204 in 48% 
yield.  After the success with acetic acid, TFA was substituted, but these conditions were too 
vigorous and resulted in decomposition of the reactants.  Further optimization was attempted by 
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changing the solvent to acetonitrile with and without the presence of acetic acid.  Finally, the 
reaction was run in acetic acid (1.2 equiv.) and methanol at 50 °C, which increased the yield from 
48% to an acceptable 74% yield, Scheme 43. 
 
Scheme 43:  Route to tert-butyl 2-(4-methoxyphenyl)diazenecarboxylate 204 
2.4.3 Synthesis of 1-tert-Butoxycarbonyl-2-(4-methoxy-3,5-dimethylphenyl)diazene 205 
QMK, 4,4-dimethoxy-3,5-dimethylcyclohexa-2,5-dienone 119 was synthesized from 
phenol 118.  Using the established TFA/DCE conditions (0.01 equiv. TFA after optimization), 
QMK 119 was reacted with t-butyl carbazate to produce t-butoxycarbonyl-4-methoxy-3,5-
dimethylphenyldiazene 205 in a 78% yield.  Further attempts at optimization under several 
reaction conditions as stated above, did not afford any improvement, Scheme 44. 
 
Scheme 44:  Route to 1-tert-butoxycarbonyl 2-(4-methoxy-3,5-dimethylphenyl)diazene 205 
2.4.4 Synthesis of 1-tert-Butoxycarbonyl 2-(3,4-dimethoxyphenyl)diazene 206 
The starting QMK, 3,4,4-trimethoxycyclohexa-2,5-dienone 171, was synthesized from 
phenol 170.  As previously, the reaction of 171 and BOC-hydrazide was screened with TFA in 
DCE, chloroform, and methanol at 0 °C to rt in three separate reactions.  In this instance, all three 
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reactions failed to produce product 206.  In a final attempt the reaction was performed in methanol 
at 50 °C with 12.5 equivalents of acetic acid, providing a low, unoptimized yield of 22%, Scheme 
45.  Clearly further optimization is required. 
 
Scheme 45:  Route to 1-tert-butoxycarbonyl 2-(3,4-dimethoxyphenyl)diazene 206 
 
2.4.5 Synthesis of 1-tert-Butoxycarbonyl 2-(4-methoxy-3-methylphenyl)diazene 209 
Starting from 4-methoxy-3-methylphenol 207, QMK, 4,4-dimethoxy-3-methylcyclohexa-
2,5-dienone 208 was synthesized.  The initial conditions for the coupling of QMK 208 with BOC-
hydrazide were zinc chloride in DCE.  The reaction failed, as there was decomposition 
immediately upon the addition of the Lewis acid.  During the second attempt, the solvent was 
switched to methanol, which provided an initial yield of 48% of diazene 209, and upon further 
optimization returned a maximum yield of 63%.  After discovering the utility of TFA in these 
reactions, 0.0074 equiv. TFA in DCE, chloroform, and methanol were screened.  The reaction in 
methanol proceeded more slowly than the other two solvents, but was cleaner, and provided 209 
in a yield of 68%, Scheme 46. 
 
Scheme 46: Route to 1-tert-butoxycarbonyl 2-(4-methoxy-3-methylphenyl)diazene 209 
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2.4.6 Synthesis of 1-tert-Butyl 2-(2-iodo-4-methoxyphenyl)diazene 210 
The coupling of 2-iodo-4,4-dimethoxycyclohexa-2,5-dienone 180 was attempted with 
BOC-hydrazide, and was synthesized according to standard methodology (using no reagent or 
NEt3 or AcOH).  As with the reaction of QMK 180 with t-butylhydrazine, the reaction with BOC-
hydrazide in chloroform also failed.  No desired product 210 was detected, nor was there 2-iodo 
reduction diazene product found, Scheme 47. 
 
Scheme 47:  Route to 1-tert-butyl-2-(2-iodo-4-methoxyphenyl)diazene 210 
 
2.4.7 Synthesis of 1-tert-Butyl 2-(3-iodo-4-methoxyphenyl)diazene 211 
QMK 177, synthesized from m-iodophenol 176, was condensed with BOC-hydrazide in 
the presence of 0.008 equiv. of TFA, and set up in three simultaneous reactions solvated by DCE, 
chloroform, and methanol, to yield 3-iodo-4-methoxy-BOC-diazene 211.  DCE proved to be the 
superior solvent, and afforded 211 in an excellent yield of 93%.  The yield was considered high 
enough that no further reactions or optimization were necessary, Scheme 48. 
 
 
Scheme 48:  Route to 1-tert-butyl 2-(3-iodo-4-methoxyphenyl)diazene 211 
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2.4.8 Synthesis of 1-tert-Butoxycarbonyl 2-(4-methoxy-2-methylphenyl)diazene 214 
The final diazene synthesis attempted was the 2-methyl substituted analogue.  As 
previously stated, 2-substituted systems regularly failed to provide the desired product, as 
attributed to steric hindrance.  The route began with 2-methyl-4-methoxyphenol 212 and was 
oxidized to 4,4-dimethoxy-2-methylcyclohexa-2,5-dienone 213 with PIDA in methanol.  A series 
of reaction conditions were employed to no avail:  TFA in DCE, TFA in methanol, acetic acid in 
methanol with heating, and an array of eighteen reactions combining six reagents; zinc chloride, 
zinc bromide, CAN,72 magnesium perchlorate, bismuth(III) nitrate, and TFA, each one run in each 
of three solvents; DCE, chloroform, and methanol.  All reactions failed to produce the desired 
product 214, Scheme 49. 
 
 
Scheme 49:  Route to 1-tert-butoxycarbonyl 2-(4-methoxy-2-methylphenyl)diazene 214 
 
2.4.9 Synthesis of 1-tert-Butoxycarbonyl 2-(4-(2-hydroxyethoxy)phenyl)diazene 216 
QMK 208 was synthesized from 207, as previously described in Section 2.4.5, and was 
reacted with ethylene glycol to form dioxolane 215 in 75% yield, adapted from a procedure by 
Danishefsky.90  The optimized reaction conditions utilizing 8 equivalents of AcOH, provided the 
target tert-butyl 2-(4-(2-hydroxyethoxy) phenyl)diazenecarboxylate 216 in 50% yield, with no 





Scheme 50:  Route to 1-tert-butoxycarbonyl 2-(4-(2-hydroxyethoxy)phenyl)diazene 216 
 
2.4.10 Synthesis of 1-tert-Butoxycarbonyl 2-([1,1'-biphenyl]-4-yl)diazene 217 
p-Quinol ether, 4-methoxy-4-phenylcyclohexa-2,5-dienone 184 was synthesized from 
phenol 183.  The reaction of QMK 184 with BOC-hydrazide in the presence of 0.01 equivalents 
TFA was, once again, screened with the solvents DCE, chloroform, and methanol.  The reaction 
in DCE proved to be the most effective, producing a spot-to-spot reaction from QMK to product 
by TLC and, yielding the desired phenyldiazene 217, quantitatively.  The reaction was also 
performed with acetic acid in DCE in a microwave reactor, but failed to deliver results comparable 
to those from the TFA-promoted reaction, Scheme 51. 
 
 
Scheme 51:  Route to 1-tert-butoxycarbonyl 2-([1,1'-biphenyl]-4-yl)diazene 217 
 
2.4.11  Synthesis of Estradiol BOC-diazene 220 
In an attempt to increase the complexity of our substrates, we targeted the phenolic "A" 
ring of estradiol 218.  This was oxidized with PIDA in methanol to QMK 219.  The coupling 
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reaction of BOC-hydrazide to QMK 219 was first attempted using acetic acid in methanol, but 
failed to produce the desired product 220.  Accordingly, the more reactive conditions of TFA in 
methanol were applied, but these too failed, Scheme 52.  Clearly further investigation is required 
with this complex, yet intriguing, substrate. 
 
 
Scheme 52:  Route to estradiol BOC-diazene 220 
 
2.4.12 Synthesis of 1-tert-Butoxycarbonyl-2-(p-tolyl)diazene 221 
As in earlier entries in this analogue series, 4-methoxy-4-methylcyclohexa-2,5-dienone 
187 was synthesized from p-cresol 186.  Using the standard acetic acid (10 eq.) in methanol 
reaction conditions, QMK 187 was reacted with BOC-hydrazide, providing 221 in a 33% initial 
yield.  As this yield was comparatively low, additional optimization was attempted.  However, 
running the reaction with the standard reagents in a microwave reactor failed to increase the yield, 
as did screening the reaction using TFA in DCE, chloroform, and methanol, Scheme 53. 
 
 
Scheme 53:  Route to 1-tert-butoxycarbonyl-2-(p-tolyl)diazene 221 
59 
 
Since the yield of reaction 53, above, was lower than desired, a change in QMKs was in 
order, and the nature of the leaving group was targeted.  The first alternative QMK used was 4-
hydroxy-4-methylcyclohexa-2,5-dienone 222, and was synthesized from p-cresol 186, and 
oxidized with PIDA in acetonitrile and water.91  When subjected to the reaction conditions of acetic 
acid in methanol, QMK 222 and BOC-hydrazide produced diazene 221 in a disappointing 22% 
yield.  Lewis acid-promoted reaction conditions using zinc chloride in DCE failed to yield the 
desired product, and when conditions were changed to 0.008 equivalents of TFA in DCE, and 
methanol, run concurrently in two reactions, the yield increased to 55% for the DCE reaction, a 
modest improvement over the previous reaction using 187 (33%), Scheme 54. 
 
 
Scheme 54:  1-t-butoxycarbonyl-2-(p-tolyl)diazene 221 from 4-hydroxy-4-methyl-cyclohexa-2,5-dienone 222 
 
N-(1-methyl-4-oxocyclohexa-2,5-dien-1-yl)acetamide, 223 was used in the optimization 
process, and was synthesized from phenol 186 by oxidation with PIDA in the presence of TFA 
and acetonitrile.92  QMK 223 was first subjected to reaction with BOC-hydrazide, and screened 
with acetic acid in chloroform, then only with chloroform, but neither reaction produced any 
product.  When the conditions were changed to 0.01 equivalents of TFA and methanol in a 
microwave reactor, this provided diazene 221 in 41% yield.  Other failed optimizations included 
magnesium perchlorate in methanol, dilute TFA in methanol, and TFA in chloroform.  Lewis acid 
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promotion was attempted with zinc chloride or zinc bromide in DCE, but both reactions failed to 
provide any discernible product, Scheme 55. 
 
 
Scheme 55:  Route to 1-t-BOC-2-(p-tolyl)diazene 221 from 4-(N-Ac)-4-methyl-cyclohexa-2,5-dienone 223 
  
The final PIDA-mediated derivative of p-cresol used was O-acetate substituted QMK 189.  From 
the results of the previous attempts, it was hoped that the O-acetate variant 189 would provide 
diazene 221 in higher yield.  Compound 189 was synthesized from p-cresol through oxidation by 
1.1 equivalents of PIDA in acetic acid.   The initial foray into diazene formation utilized 2.05 
equivalents of t-butyl carbazate and 0.01 equivalents of TFA.  This led to an acceptable 63% yield 
of 221 when performed in methanol.  Further screening of this reaction in DCE, chloroform, and 
methanol while lowering the equivalents of t-butyl carbazate to 2.0, led to a high percent yield of 
67% when DCE was the solvent, Scheme 56. 
 
 




  In the p-cresol series, leaving group strength plays a role in overall yield, although there 
are other factors assuredly present.  QMK 221 provided the lowest yield of 33%, followed by p-
quinol 222 in 55% return, while the NHAc mono quinone 223 afforded a disappointing 41%.  
Pleasingly, the more labile O-acetate provided the highest yield of 67%.  Clearly, the pKa of the 
leaving group is not the sole driving force, and would require further experimentation to determine 
the true source, but this did allow us to determine the optimized conditions for the synthesis of 
221. 
 
2.4.13 Synthesis of 3-(4-((tert-butoxycarbonyl)diazenyl)phenyl)propanoic acid 226 
In an interesting ring closure-ring opening route, 3-(4-hydroxyphenyl)propanoic acid 224 
was oxidized to the spiro-butyrolactone, cyclohexa-2,5-dienone 225,84 which was then reacted 
with BOC-hydrazide to form the BOC-diazene via reopening of the lactone to the original 
propionic acid 226.  The reaction was performed under modified conditions of 0.074 equivalents 
of TFA in chloroform, and yielded BOC-diazene 226 in an acceptable 64% yield, Scheme 57. 
 
 
Scheme 57:  Route to 3-(4-((tert-butoxycarbonyl)diazenyl)phenyl)propanoic acid 226 
 
2.4.14 Synthesis of 1-tert-Butoxycarbonyl-1-methoxynaphthalenyldiazene 227 
A preliminary investigation into o-QMKs was also attempted.  1,1-dimethoxynaphthalen-
2(1H)-one 195 was synthesized as before.  When 195 was subjected to reaction with BOC-
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hydrazide, it initially appeared promising.  A single product was afforded in 33% yield, but on 
closer examination of its spectra, it was clearly not desired product, tert-butoxycarbonyl-1-
methoxynaphthalenyldiazene 227.  Unfortunately, the actual structure of this product could not be 
determined, though it appeared there was possibly structural rearrangement, Scheme 58.  Clearly 
this requires additional investigation. 
 
 
Scheme 58:  Route to 1-tert-butoxycarbonyl-1-methoxynaphthalenyldiazene 227 
 
2.4.15 Summary and Discussion of Results 
 Reactions with BOC hydrazide are summarized below in Table 2.  The most obvious trend 
in the reactivity of QMKs with BOC-hydrazide is the overall improvement of the yields in relation 
to those of the t-butylhydrazine series (Section 2.3).  This change is possibly from the lessened 
steric hindrance of the BOC group compared with that of the bulky proximal tert-butyl found in 
the previous series.  Alternatively, it could arise from the greater acidity found in the NH of the 
BOC-imidate in comparison to that of t-butylhydrazine.  Finally, the BOC-substituent could have 












Aside from the general increase in reactivity between hydrazine series, specific trends 
within the BOC series can be seen as well.  Once again, substitution occurring in the 3-position 
(QMKs 119, 208, and 177), has no overall effect upon reactivity, as expected.  In the BOC series, 
in addition to the 3- and 3,5-substituted examples, there is also the unsubstituted QMK 121 present 
for comparison.  This delivered p-methoxy-BOC-diazene 204 in 74% yield.  However, 
inexplicably, the 3-methoxy analogue 206 failed to provide an adequate yield of the desired 
product (22% yield), whereas in the t-butyl series, the analogous reaction provided the desired 
diazene in 37% yield.  It may be that the harsher acidic reaction conditions for the BOC series 
(TFA or AcOH), may inhibit the reaction through the protonation of the additional methoxy 
substituent, or it may be necessary to increase the number of equivalents of acid.  The 3-
iodophenyldiazene 211 was the highest yielding reaction of 3-substituted QMK group at 93%.  
This result is in accordance with that of tert-butylhydrazine example. 
In contrast, once again, 2-substituted QMKs proved completely ineffective towards 
condensation with the hydrazines employed.  As in the tert-butyl series, 2-iodo QMK 180 failed 
to yield any of the desired diazene when reacted with BOC-hydrazide.  2-methyl QMK 213 also 
failed to provide the desired product, and no other 2- or 2,6-substituted QMK reactions were 
attempted in this series. 
The class of p-quinol ethers (containing R3 substitution other than –OMe), 215, 184, 219, 
187, 222, 223, 225, 195, underwent diazene formation in yields from 50-99%, with the exception 
of the estradiol QMK 219, which failed to provide the desired product.  The trend in percent yields 
appears to hinge upon the lability of the leaving group, the proximity of potential hinderance near 
the reaction center, and of course, steric considerations of both the hydrazine and the QMK. 
Finally, the -naphthol-derived QMK 195 failed to provide any of the desired diazene product, 
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without any sign of possible rearrangement, as was the case in the t-butylhydrazine series.  This 
reinforces the hypothesis that steric hinderance may be the cause of the lack of reactivity in this 
and all ketals  to the reaction center, although this problem possibly could be overcome through 
changes in the reagents used. 
 
2.5  Substituted Indoles via Fischer Indole Synthesis from Nitrosobenzene/amine Couplings 
2.5.1  Introduction 
A series of diazenes were to be synthesized from nitrosobenzenes and alkylamines for use 
as Fischer indole synthesis precursors.  These nitrosobenzene compounds, in turn, would be 
formed from phenols, via the previously described QMKs or from anilines themselves, thus 
lending the methodology versatility and added utility.  The coupling of the nitrosobenzenes and 
amines would be effected through the attack of amine upon the nitroso nitrogen, with the 
concomitant loss of water, adapting the procedure from the work of Cheng and coworkers (1:1 
ratio of nitrosobenene and amine, in chloroform at room temperature).73  The phenyldiazene could 
be isolated, as in Section 2.3 and 2.4, or alternatively, the reaction could proceed directly to indole. 
There are only a few literature examples of nitrosobenzene/alkylamine condensations 
reported.  The earliest known example of the synthesis of an aryl diazene in this fashion was from 
nitrosobenezene 134 and benzylamine 227 by Gallagher in 1921, Scheme 59a.93  Later 
investigations by Suzuki and Weisburger, Hutchins and coworkers, and Cheng et al., failed to 
replicate Gallagher’s results on the same, or closely related substrates, but isolated azoxybenzene 
(65%), benzaldehyde (39%), and ammonia (38%) at reflux in chloroform,94, 95 azoxybenzene 
(44%) and N-benzylbenzaldimine (56%) in DMSO at rt,96 or azobenzene (80%) and aniline (10%) 
at 150 °C, respectively (from nitrobenzene and ethylene diamine, neat, 2 atm).73, 97 
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However, Cheng and coworkers were able isolate a small number of alkyl-aryldiazenes, 
albeit in low yield, thought to occur through the following pathways, Scheme 59b.  Cheng believed 
that the initial product formed from condensation of 134 and amines 229 resulted in 
phenylazoxyhydrazines 230 before following the pathway to alkyl-aryldiazenes 231, or 
proceeding upon the pathways producing phenylhydroxylamine 232 and imine 233.  Alternatively 
the hydroxylamine 232 could react with unreacted starting material, nitrosoamine 134 returning 
diphenyldiazene-N-oxide (azoxybenzene) 234, (Scheme 59c).  It is possible that side products 232-
234 occur due to Cheng’s purification methodology of distillation of the reaction mixture at 
elevated temperature, as we did not encounter 234 via flash column chromatography, but instead 
found dibutyldiazene to be the dominant side product. 
It should be noted that 1° amines (231 where R1 = H) performed significantly better than 
2° amines 231 where R = alkyl) when reacted with nitrosobenzene, but with low, isolated yields 
within the range of 26-39%.  In the series of 1° alkylamines, yield of 231 decreased as chain length 
increases.  Cheng and coworkers did have success in diazene formation when utilizing 2° amines, 
dimethylamine and diethylamine, affording diazenes in 36% and 12% yield by NMR, 
respectively.73  Conversely, the reaction of tert-butylamine with nitrosobenzene 134, yielded no 




Scheme 59:  Benzylphenyldiazene formation and proposed reaction pathways 
 
2.5.2 Synthesis of Nitrosobenzene Precursors 
2.5.2.1 4-methoxynitrosobenzene from 4,4-dimethoxy-2,5-cyclohexadienone 
The obvious starting point in the syntheses of the nitrosobenzene compounds was the 
simplest QMK 121 from our previous work.  This was synthesized from p-methoxyphenol 120 via 
oxidation with PIDA, as previously described in Section 2.4.2.  4-methoxynitrosobenzene 235 was 
synthesized on a 15 g scale from 4,4-dimethoxy-cyclohexa-2,5-dienone 121 and hydroxylamine 
hydrochloride in the presence of 2 eq. of pyridine in methanol following the procedure of Alaniz 




Scheme 60:  Route to nitrosoanisole 235 from p-methoxyphenol 120 
2.5.2.2 Nitrosobenzenes Directly from Aniline 
As an alternative to the phenol/QMK to nitrosobenzene protocol, a methodology to 
facilitate the transformation of anilines to nitrosobenzenes by direct oxidation was also 
employed.99  Three nitrosobenzene analogues were prepared; nitrosobenzene 134, p-
bromonitrosobenzene 237, and ethyl p-nitrosobenzoate 239 from aniline 80, p-nitrosoaniline 236, 
and ethyl 4-aminobenzoate 238, respectively.  Each aniline derivative was subjected to reaction 
with 30% hydrogen peroxide in the presence of cis-Mo(O)2(acac)2 using n-hexane as a solvent 
following Porta and Prati’s protocol,99 Scheme 61. 
 
Scheme 61:  Mo(IV) catalyzed oxidation of anilines to nitrosobenzenes 
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2.5.3 Phenyldiazenes through Nitrosobenzene/amine Coupling Reactions 
2.5.3.1 Nitrosobenzene to Phenyl-n-butyldiazene 
Having an ample supply of nitrosobenzene 134 on hand, attempts to adapt the procedure 
of Cheng could commence.73  Cheng’s procedure consisted of a 1:1 ratio of amine/nitrosobenzene 
in a 0.4M solution of chloroform with respect to nitrosobenzene.  This reaction was run at room 
temperature for 36 hours.  In contrast, our first conditions followed Cheng’s procedure.  We 
combined 134 and 240 in chloroform at rt with a concentration of 0.4M, but no desired product 
was formed.  Instead, only 1,2-dibutyldiazene 241a was returned, without any detectable amounts 
of phenyldiazene 241.  Without fully understanding the dynamics of the reaction at that point, the 
conditions were changed to pyridine at 95 °C, which again resulted in the formation of 
dibutyldiazene 241a.  (It should be noted that when Cheng and coworkers performed the same 
reaction with the n-butylamine component in great excess, a 4:1 ratio of amine/nitrobenzene, they 
recovered no desired alkyl-phenyldiazene, but instead recovered only “azoxybenzene.”) 
After repeated failures to obtain any of the desired product 241, we further investigated the 
effect of solvent and concentration.  Upon running the reaction in DCE at room temperature with 
the concentration of reactant increased by a factor of 6 to 2.4M, this resulted in the formation of 
1-butyl-2-phenyldiazene 241 in 43% yield after column chromatography.  This was nearly double 
of the percent yield as reported in the literature, Scheme 62a. 
We were somewhat perplexed that our results differed so drastically from those found in 
the literature, but we did construct a plausible mechanism for the formation of the main side 
product 241a.  It is possible that diazene 241 is attacked by excess n-butylamine 240, forming a 
transient triazine before diazene formation results in the elimination of aniline 80, leaving 
alkyldiazene 241, Scheme 62b.  Under normal circumstances one would not expect this 
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“transamination” reaction to occur, but the presence of the adjoining phenyl ring could stabilize 
the forming negative charge on the adjacent nitrogen.  As to whether this reaction actually proceeds 
in the manner described, additional experimentation would need to be conducted to ascertain the 
validity of this concept. 
 
 
Scheme 62:  The synthesis of 1-butyl-2-phenyldiazene 241 from nitrosobenzene and n-butylamine 240 
  With these condition in hand, we proceeded to our survey. 
 
2.5.3.2 4-Bromonitrosobenzene to 4-Bromophenyl-n-butyldiazene 
After the successful coupling of nitrosobenzene 134 and n-butylamine 240, attempts were 
made to synthesize phenyldiazenes from the other nitrosobenzene analogues described in Section 
2.5.2.2.  Following the established procedure, 1-bromo-4-nitrosobenzene 237 was reacted with n-
butylamine 240 in DCM, but this time no product was recovered, Scheme 63.  Perhaps the electron-
donating aspect of the bromine, somehow attenuated the reactivity of this system. 
 
 
Scheme 63:  The attempted synthesis of 1-(4-Br-phenyl)-2-Bu-diazene 242 from p-Br-nitrosobenzene 237 
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2.5.3.3 Nitrosobenzene to Phenyl-amino acid-diazene 
An attempt to synthesize diazene 244 containing a carboxylic acid substituent was 
undertaken, as this class of substrate was particularly attractive as a precursor for later Fischer 
indolization.  Nitrosobenzene 134 was combined with the unnatural amino acid, 2-aminopentanoic 
acid 243 (the direct analogue of n-butylamine), and initially was subjected to reflux in methanol, 
but failed to produce the desired product, 2-phenyldiazenylpentanoic acid 244.  The reactants were 
then subjected to reaction in chloroform at reflux, and finally, TFA in 1:9 water/THF at reflux; 
both conditions failed to yield product 244, Scheme 64.  Perhaps this amino acid exists as a 
zwitterion and shuts down nucleophilicity.  The closest proteinogenic amino acid to 243 is leucine, 
and has an isoelectric point of pH = 5.98 (pH = (pKa1 + pKa2)/2) independent of concentration, 
where pKa1 = -carboxylic acid and pKa2 = -ammonium ion.  The pH of the 0.75% v/v TFA 
solution used will be far below the pH necessary for amino acid 243 to be in its zwitterionic form.  
Clearly, further investigation is required. 
 
Scheme 64:  The attempted synthesis of (E)-2-(phenyldiazenyl)pentanoic acid 234 
 
2.5.3.4 Nitrosobenzene to N-Phenyl-N-cyclohexyldiazene 
A final attempt to reproduce the results of the coupling of nitrosobenzene 134 and an 
alkylamine, was undertaken by reacting 134 with cyclohexylamine 245.  In an attempt to prevent 
the “dimerized” side product formation of the unwanted diazene, which hounded all previous 
reactions, the coupling reaction was run with TMSCl in diethyl ether, on the premise that N-TMS-
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cyclohexylamine would be formed in situ, and this would preferentially react with nitrosobenzene 
134, and not with any product.  The reaction did not afford the desired product 246, Scheme 65. 
 
Scheme 65:  The attempted synthesis of 1-cyclohexyl-2-phenyldiazene 246 
 
Since the in situ formation of the TMS-protected amine failed, it was decided to synthesize 
the silylamine first, then add it to the reaction, and a bulkier silyl protecting group was chosen, 
TBPDS.100  In Scheme 66a, cyclohexylamine 245 was protected with TBDPS-Cl 247, forming N-
TBDPS-cyclohexylamine 248, which after workup and separation, was used crude as the amine 
component in the reaction with nitrosoamine 134.  However once again, this failed to react to 
produce 1-cyclohexyl-2-phenyldiazene 246, Scheme 66b. 
 
 
Scheme 66:  Synthesis of 1-cyclohexyl-2-phenyldiazene 246 from N-TBDPS-cyclohexylamine 248 
 
2.5.4  4-Ethylacetonitrobenzene to 4-Ethylaceto-N-cyclohexyldiazene, 249 
Our next attempt involved a nitrosoamine with a moderately electron-withdrawing 
substituent in the para-position, ethyl 4-nitrosobenzoate 239.  Continuing with the TBDPS-
protected cyclohexylamine 248, both reactants were combined, unfortunately, with the same 
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results as the previous iteration; failure to form the desired product, 249, Scheme 67a.  Returning 
to the original working reaction conditions, ethyl nitrosobenzoate 239 was combined with 
cyclohexylamine 245, and was screened in three solvents, DCE, DCM, and chloroform, where the 
reaction in CH2Cl2 finally afforded ethyl 4-(cyclohexyldiazenyl)benzoate 249.  The product was 
confirmed through 1H NMR spectroscopy, after purification by flash column chromatography 



























Scheme 67:  Synthesis of 4-ethylacetonitrobenzene to 4-ethylaceto-N-cyclohexyldiazene 249 
 
2.6 Attempted Fischer Indole Cyclizations from Diazenes 
2.6.1 Attempted 1-Pot, 2-Step Synthesis of Indole 251 from 4-Nitrosoanisole 
As an alternative, we attempted to circumvent the isolation of the phenyldiazene 
intermediate 249 and directly proceed to the Fischer indole synthesis in one pot.  Starting from p-
methoxynitrosobenzene 235, we used n-butylamine 240 as the model coupling partner.  A series 
of reactions using TFA or AcOH were each screened in three solvents, DCE, chloroform, and 
methanol.  There was no indication that any of the reactions formed either 1-butyl-2-(4-
methoxyphenyl)diazene 250 or substituted indole, 3-butyl-5-methoxy-1H-indole 251, Scheme 68.  





Scheme 68: The attempted synthesis of 3-butyl-5-methoxy-1H-indole 251 
 
2.6.2 The Transformation of 4-Ethylaceto-N-cyclohexyldiazene to Indole 252 
Having a small quantity of phenyldiazene 249, it was decided to attempt the Fischer indole 
synthesis using pyridine with heating.  Although this reaction was only attempted once, by TLC a 
higher spot was formed, suggestive of a successful Fischer indolization, Scheme 69.  This and 
other lead results were subsequently parlayed into an effective new route to the indole framework, 
as will be described below. 
 
 
Scheme 69:  Synthesis of ethyl 2,3,4,9-tetrahydro-1H-carbazole-6-carboxylate 252 
 
2.6.2.1 Later Work on Fischer Indole Synthesis Methodology in Zheng Group 
Other Zheng group members continued work on this project, which was eventually 
published in Angwandte Chemie in 2013.70  After the initial forays investigating the viability of 
the condensation of QMKs and non-enolizable aliphatic hydrazines, and early attempts to produce 
Fischer indole synthesis products from enolizable phenyldiazene examples, a full methodological 
investigation ensued, culminating in the development of a one-pot QMK/diazene/indole protocol. 
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Cyclohexyl-p-methoxydiazene 253 was chosen as the lead example for a two-step, diazene 
formation/Fischer indolization, Scheme 70.  The diazene formation from the condensation reaction 
of 4,4-dimethoxycylohexa-2,5-dienone 121 and cyclohexylhydrazine 245 under TEA/chloroform 
conditions proceeded in 65% isolated yield.  The diazene was then subjected to Fischer 
indolization conditions (acetic acid), and the methoxy-substituted tetrahydrocarbazole 255 resulted 
in 80% yield. 
 
 
Scheme 70:  Two-pot synthesis of tetrahydrocarbazole 255 from QMK 121 
 
After the highly acceptable yield in the two-step route, the Zheng group proceeded on to 
the one-pot methodology, Scheme 71.  Zheng reasoned that a one-pot protocol would remove the 
necessity of purification of the diazene precursors, and also, result in higher overall yields, as Z-
diazenes and 1,4-addition products could proceed to indoles under one-pot conditions.  The first 
iteration utilized the diazene formation methodology where QMKs were condensed in the presence 
of the weak base, triethylamine, followed by treatment with an excess of acetic acid to promote 
Fischer indolization.  It was reasoned that this method was not atom economic,101 so the group 





Scheme 71:  Planned synthetic route via a one-pot modified Fischer indole synthesis 
 
Further optimization led to the usage of chloroform as the solvent and alkylhydrazine 
hydrochloride salts to aid in the isomerization of the diazenes to hydrazones in the presence of a 
weak base via neutralization of the base by the liberated HCl in lieu of adding additional acid.  In 
Table 3 several examples of the reported yields are provided. 
Utilizing the final optimized conditions of 2 equivalents of pyridine in chloroform, the 
series was performed upon various QMKs/p-quinol ethers and 2-(phenylethyl)hydrazine HCl 257.  
Zheng and coworkers found that unsubstituted QMKs overall provided indoles in good yield, and 
that p-quinol ethers also performed on similar levels.  Mono-substitution (-Me, -X), predicably led 














2.7 Additional Related Studies:  Reduction of Phenyldiazenes to Anisole 
2.7.1 The Synthesis of Anisole from 4-Methoxy-N-BOC-Phenyldiazene 
We undertook a small side project attempting to synthesize anisole 264 stemming from the 
reaction of QMKs with tert-butylcarbazate to form 4-methoxy-N-BOC-phenyldiazene 204 and 




Scheme 72:  Proposed route to anisole from QMK 
 
QMK 121 was synthesized by the known procedure and reacted with tert-butyl carbazate 
under various conditions, Table 4, vide infra.  These optimization studies have already been 
discussed in Section 2.4.2, but are presented again, below, for convenience.  Optimized conditions 
were established with 2.05 equivalents of BOC-hydrazide in methanol at 50 C, yielding 204 in a 
respectable 74%. 
 
Table 4:  Conditions for attempted synthesis of anisole from QMKs 
Solvent Conditions Equiv. of hydrazine Solvent Percent Yield
methanol heat 1 methanol 0 
methanol ZnCl2, 0 °C to rt to 
50 °C 
1 methanol 0 
methanol AcOH, 50 °C 2.05 methanol 74 
toluene AcOH, 60 °C 1 toluene 48 




2.7.2 Attempted Reduction of 4-Methoxy-N-BOC-phenyldiazene, 4-(2-hydroxyethoxy)-N-
BOC-phenyldiazene, and 4-Methoxy-phenyldiazene to Anisole 
Following the successful synthesis of phenyldiazene 204, attempts were made to reduce 
the compound to anisole, presumably evolving N2, CO2, and tert-butanol in the process.  However, 
all attempts to reduce compound 204 to anisole 264 failed, Table 5, Scheme 73. 
 
 
Scheme 73:  Failure of BOC-diazene reduction to anisole 
 
One possible problem was the volatility of the anisole product.  Therefore, 4-(2-
hydroxyethoxy)-N-BOC-phenyldiazene 265 was used as the starting material, hopefully giving a 
much more polar and involatile products 266.  Unfortunately, this too failed, Scheme 74. 
 
 
Scheme 74:  Failed conversion of BOC-diazene 265 to 2-phenoxyethanol 266 
 
The final attempts at reducing QMK 121 to anisole 264 were performed by reacting it with 
hydrazine monohydrate, and forming the diazene in situ.  This we hoped would then undergo 
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reduction to anisole, Scheme 75.  The experiments showed that under the conditions below, 
hydrazine was too reactive to attack only at the unsaturated ketone in a 1,2-addition.  No high spot 
was observed by TLC, and the reaction formed several very polar products, which were not 
amenable to normal phase column chromatography, (even with polar eluents containing water, 
acetonitrile, and acetic acid or triethylamine).  This preliminary investigation was subsequently 
abandoned. 
 
Scheme 75:  Attempted synthesis of anisole from QMK and hydrazine monohydrate 
 
A summary of all of reactions attempted appears below in Table 5. 
 
Table 5:  Conditions for attempted conversion of p-methoxylphenylhydrazine to anisole 
Compound Conditions Expected Prod. Percent Yield 
121 3M HCl, PhSH, EtOAc anisole Decomposition
121 3M HCl, EtOAc anisole Decomposition 
121 ZnCl2, AcOH, toluene anisole Decomposition 
121 ZnCl2, AcOH, Et2O anisole Decomposition 
121 BF3.Et2O, AcOH, Et2O anisole Decomposition 
121 ZnBr2, AcOH, toluene anisole Decomposition 
265 ZnBr2, toluene 2-hydroxyethoxy-
benzene
Decomposition 
265 ZnBr2, AcOH, toluene 2-hydroxyethoxy-
benzene
Decomposition 
121 NH2-NH2.HCl, NaOMe, MeOH anisole Decomposition 
121 NH2-NH2.HCl, NaOMe, toluene, 
MeOH
anisole Decomposition 
121 NH2-NH2.H2O, NaOMe, toluene, 
MeOH
anisole Decomposition 






A novel approach to the Fischer indole synthesis has been investigated, commencing with 
an examination of the feasibility of a key QMK/alkylhydrazine condensation.  Two series of 
examples were undertaken, first, the coupling of various QMKs with the non-enolizable t-
butylhydrazine partner, and second, the condensation reaction with BOC-hydrazide.  The t-
butyldiazene series broadly proved to be low yielding, prompting the methodological investigation 
employing BOC-hydrazide.  The latter series proved to be superior, as evidenced by the 
considerably higher yields.  After an intial foray into the cyclization of enolizable diazenes, this 
work was built upon by others in the Zheng group, culminating in publication. 
As an extension of the general methodological approach to indoles via the modified Fischer 
indole synthesis protocol, the condensation of nitrosobenzenes with alkylamines to yield diazenes 
was similarly investigated.  These new methodologies may further add greater utility to the 
venerable Fischer indole synthesis.  Early progress was made in this promising approach, and 




C-Aryl Glycosides via Intramolecular Friedel-Crafts Annulation 
 
3.0 Introduction 
Carbohydrates are naturally-occurring compounds with complex biochemical roles, 
including provision and storage of energy, structural function, and cell signaling and identification.  
They can be further classified as mono-, di-, oligo- and polysaccharides.  Naturally-occurring 
complex carbohydrates consist of networks of simple D-sugars, linked by glysosidic bonds.  As 
an example, when D-glucose 39 is coupled in a polysaccharide via -[1→4'] bonds, with periodic 
branching via -[1→6'] glycosidic bond, it is known as "glycogen" 42 in mammals, Figure 17. 
 
 
Figure 17:  Carbohydrate examples a) D--glucose b) glycogen subunit 
 
C-glycosides are a class of naturally-occurring compounds that have a carbon-carbon 
anomeric linkage as opposed to the normal acetal functionality found in polysaccharides 266.  
Other atoms can also be substituted in place of oxygen in the glycosidic linkage, e.g., sulfur 268 




Figure 18:  Glycosidic linkage examples  a) O-glucoside b) C-aryl glucoside c) S-glucoside d) N-glucoside 
C-glycosides have the added advantage over the more common O-glycosidic linkage of 
being resistant to hydrolysis, whereas O-glycosides are vulnerable to enzymatic cleavage at the 
glycosidic bonds.  This property creates an opportunity for incorporating C-glycosidic linkages 
into potential target analogues for competitive inhibition of enzymatic pathways that rely on the 
cleavage of a sugar moiety.  
C-aryl glycosides are a specific subset of the overall class, and are notably found in 
flavanoids and antibiotics, such as (+)-epichatechin 270 and vineomycin B2 (methyl ester) 271, 
Figure 19a.  Examples of cyclic C-aryl glycosides are the natural products bergenin 274, 
possessing a trans-fused ring junction, and chafuroside A 272 and monocerin 273, both having a 
cis-ring junction, Figure 19b. 
 
Figure 19:  C-aryl glycoside examples a)  C-aryl glycosides b)  Cyclic C-aryl glycosides 
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3.1 C-Aryl Glycosides 
3.1.1 Survey of Selected C-aryl Glycosides 
3.1.1.1 Epicatechins 
Epicatechins and related compounds are flavanoids, anti-oxidant compounds found within 
cacao, the foliage, fruiting bodies, and bark of numerous plants, and as tannins in green and black 
tea.102-105  (-)-Catechin 275 and (-)-epicatechin 276 vary only in the stereochemistry of the 
substituents on C2 and C3, where catechins possesses a trans configuration, and epicatechins, a 
cis orientation, using the standard numbering found in Figure 20a. 
First hinted at in observations of Willstätter and Nolan in 1915,106 and isolated by 
Rosenheim as a colorless extract that upon reaction with 20% HCl yielded colored anthocyanins. 
These compounds were given the trivial name, "leuco-anthocyanins".107  In 1933, Robinson and 
Robinson rationalized that "leuco-anthocyanins" were identical to the catechin class of 
flavanoids.108  The most common epicatechins are (-)-epicatechin 276, (-)-epigallocatechin 277, (-
)-epicatechin gallate 278, and (-)-epigallocatechin gallate 279, Figure 20, below.  Epicatechins 




Figure 20: Common biologically-active catechins. a) (–)-Catechin and core family numbering system. b) (–)-Epicat- 
    echin (EC) c) (–)-Epigallocatechin (EGC) d) (–)-Epicatechin gallate (ECg) e) (–)-Epigallocatechin gallate  
    (EGCg) 
 
3.1.1.2 Procyanidins 
More recently, interest in epicatechins has been focused on the synthesis and biological 
activity of dimers and trimers of epicatechin and related compounds, possibly with associated 
polymerization.  These compounds, procyanidins, have generated interest in the formation of the 
inter-catechin linkage of the epicatechin substituents, and in forming those bonds in the most 
efficient and enantioselective manner.104, 109-118  Structural examples of typical procyanidins 




Figure 21:  Examples of typical procyanidins a)  Procyanidin B1 (dimer) b)  Procyanidin C1 (trimer) 
 
3.1.1.3 Vineomycin B2 
3.1.1.3.1 Background 
Vineomycin B2 282 is a member of a class of anthracycline C-aryl glycosidic antibiotics 
isolated from Steptomyces matensis veneus showing activity "against Gram-positive bacteria and 
antitumor activities against S-180 solid tumors on mice."119  The structure of vineomycin B2 
consists of a C-glycoside coupled to an anthracenedione core possessing a hydroxy-
methylbutanoic acid side chain, Figure 22, below.  This core is complemented by two instances of 
an unsaturated oxo-disaccharide on distal ends of the main structure. 
 
 




3.1.1.3.2 Vineomycinone B2 Methyl Ester 
The vineomycin B2 core structure was first synthesized by Danishefsky in 1985 as the 
vineomycinone B2 methyl ester 271, Figure 23.120  In the following years, further syntheses have 
been reported, 121-123 most recently by S. Martin in 2007.124 
 
 
Figure 23:  Structure of vineomycinone B2 methyl ester 271 
 
In the Martin synthesis, silicon-tethered hydroquinone ether 284 is synthesized from 
2,3,5,6-tetrabromobenzene-1,4-diol 283, and upon treatment with n-BuLi, 284 was converted to 
tethered silane product 285 in what Martin claims to be the first example of a tandem 
intramolecular benzyne-furan Diels-Alder cyclization.  After the silicon tether deprotection, acid-
promoted rearrangement to substituted anthroquinone 286 ensued, forming the skeleton of the 
target.  Deprotection and oxidation of the terminal alcohol resulted in the carboxylic acid in 
preparation of the final transformation, which was globally deprotected and formed the methyl 




Scheme 76:  S. Martin's synthesis of vineomycinone B2 methyl ester 271 (2007) 
 
3.1.1.3.3 Total Synthesis of Vineomycin B2 
Although the core structure of vineomycin B2 has been synthesized several times since its 
isolation in 1977, the entire structure was not the target of a total synthesis until Toshima and 
coworkers undertook the task and published their results in 2013.125  The route began with D-
olivose 288 and 5,9,10-trimethoxyanthracen-1-ol 289, and was glycosylated over several steps 
using a modified version of Suzuki's vineomycinone B2 methyl ester methodology.123  After a total 
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of twelve steps, the protected C-aryl glycosidic vineomycin B2 core structure 290 was completed, 
and the two disaccharide side chains could be added.  The thiophenyl disaccharides 291 were 
synthesized in nine steps from L-acurose and L-rhodinose and coupled with glycosidation acceptor 
290 in 88% yield.  Four subsequent steps (oxidation and deprotection), completed the synthesis of 




Scheme 77:  Toshima's synthesis of vineomycin B2 (2013) 
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3.2 Cyclic C-Aryl Glycosides 
3.2.1  Survey of Selected Cyclic C-Glycosides 
3.2.1.1  Chafuroside A 
Chafuroside A 272 and B 294 were first isolated by Ishikura et al. in 2002,126 and isolated 
and quantified by Ishida and coworkers in 2009 from oolong tea through fractionalization directed 
by assay, Figure 24.127  Oolong tea has been shown to have a positive effect upon the symptoms 
of dermatitis,128 and chafuroside A 272, a component of Oolong tea extract, exhibited substantial 
inhibitory effects against atopic dermatitis129, 130 as well as anti-inflammatory properties.131 
 
 
Figure 24:  Structures of cyclic C-aryl glycosides chafuroside A 272 and chafuroside B 294 
 
Chafuroside A 272 was first synthesized in 2004 by Nakatsuka in fourteen steps,132 
followed by a concise total synthesis by Furuta, also in 2004, in six steps.130  Unfortunately, the 
Furuta synthesis suffered from very low yield in two steps, and in 2009, Furuta published an 
improved chafuroside A synthesis completed in nine steps.133 
In Furuta's 2009 chafuroside A synthesis, -per-O-benzyl-glucose trichloroacetimidate 
295 was coupled to aglycon acceptor 296 to deliver intermediate 297, and upon equilibration, 
rearrangement gave the desired C-glycoside 298 in 74% yield.  Upon protection of the para-
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phenolic alcohol as the O-TBDPS ether, the free ortho-hydroxy was protected as the O-benzyl 
group under Mitsunobu conditions, providing 299 in 89% yield over two steps.  Glycoside 299 
was then coupled to 300 via enolate addition in 68% yield to provide 301.  After fluoride-promoted 
deprotection of the TBDPS ether, the chromone ring of 302 was produced in 73% yield.  The furan 
"B" ring of chafuroside A 272 was formed through a Mitsunobu reaction after global deprotection 
of the benzyl groups by hydrogenation, yielding chafuroside A in 81%, Scheme 78. 
 
 




3.2.1.2  Monocerin 
Monocerin 273 is a metabolite first isolated from fermentations of Helminthosporium 
monoceras,134 and later from other sources.135, 136  Monocerin has been shown to possess anti-
fungal, insecticidal, and phytotoxic properties,134-138 and was of particular interest synthetically, as 
it possesses a cis-ring junction of a fused furano-isochromanone structure, previously not seen in 
any natural products.139  The absolute stereochemistry was established by Grove and Pople as 2S, 
3aR, and 9bR, Figure 25.137 
 
 
Figure 25:  Monocerin structure:  Tetrahydrofuran ring, green; isochromanone, blue; cis-ring junction, red. 
 
Mori first synthesized monocerin in 1989,140 the first of several successful approaches in 
the ensuing years.139, 141-147  For example, in 2014, Kumar and coworkers recently synthesized (+)-
monocerin, utilizing tandem cyclizations.148  The Kumar synthesis of (+)-monocerin was 
completed in fifteen steps with a 16% overall yield, and started from homoallylic alcohol 303.  The 
alcohol was protected, then subjected to racemic epoxidation providing 304.  A Jacobsen 
hydrolytic kinetic resolution provided the desired enantiomer 305 in 48% yield.  Several steps 
later, sulfone 306 and benzaldehyde 307 were combined in a Julia-Kocienski olefination reaction, 
but under Julia conditions, the reaction failed to produce product; alternative Barbier conditions 
lead to an optimized yield of 88% of styrene 308.  After deprotection, the free alcohol was 
mesylated, then subjected to Sharpless asymmetric dihydroxylation.  Tandem cyclization ensued, 
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affording a 93:7 ratio of an inseparable mixture of 309 and 310 in 95% yield.  The mixture was 
brominated, and the desired diastereomer 311 then underwent a tandem cyanation-lactonization 
reaction, followed by a selective removal of a methoxy to provide (+)-monocerin 273, Scheme 79. 
 
 
Scheme 79:  Kumar's synthesis of (+)-monocerin (2014) 
 
3.2.1.3 Synthesis of [5,6]-Furanoisochromans via Intramolecular Friedel-Crafts Cyclization 
During the course of his work investigating "C-glycosidation of carbohydrate derivatives 
with functionalized ketene acetals," O. R. Martin identified an unexpected side product, and in 
1985 he reported the results of the intramolecular C-aryl glycosidation of per-O-benzyl-
glycofuranosyl acetates.149  The per-O-benzylated furanosyl acetate 309, in the presence of Lewis 
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acid, SnCl4, instead yielded an unexpected cyclic C-aryl glycoside 310, resulting from the 
intramolecular Friedel-Crafts addition of the 2-O-benzyl group in 46%, Scheme 80a.  Martin 
surmised that this product had appeared previously in the literature in 1973 by Winkley, but with 
an incorrectly assigned structure.150  Winkley had proposed an enol ether-type structure 311, 
however, Martin assumed this to be identical to 310 based upon the literature reported m.p. range 
of 109–110 °C and MS m/z ratio of 402. 
Further investigation into the intramolecular C-glycosidation reaction of tri-benzylated 
arabinose analogue 312, resulted in two cyclized products; 60% of the expected dibenzyl product 
313, and 21% of the partially debenzylated C-aryl glycoside 314, Scheme 80b.  This result lent 
credence to Martin's belief that the complex mixture formed in Scheme 80a was from partial 
debenzylation of the major product 310. 
 
 
Scheme 80:  O. R. Martin's intramolecular C-glycosidations 
 
Martin took this landmark finding and continued his exploration of intramolecular C-
glycosidations.151-156  In 1986, another unexpected reaction arose — a dual intramolecular C-
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arylation.151  Although the intramolecular C-arylation product 316 was expected (61% yield), 
Martin also found an additional product 317.  In the reaction of per-O-3-methoxybenzyl furanosyl 
acetate 315, after the initial intramolecular C-aryl glycosidation forming the major product 316, a 
second condensation involving the 5-meta-methoxybenyl group occurred.  This involved 
participation of the methoxy group of the newly-formed isochroman structure, opening the furyl 
ring, followed, presumably to yield quinone methide-type intermediate 318.  A second ring closure 
ensued to yield tetracycle 317.  This tandem reaction was possible in the 3-methoxybenzyl 
protected sugar, but not in the simple O-benzyl case as above, due to the ring activating properties 
of the aromatic methyl ethers, Scheme 81. 
 
 




3.2.1.4  Synthesis of [6,6]-Pyranoisochromans via Intramolecular Friedel-Crafts Cyclization 
The first example in the related pyranose series resulting from intramolecular C-arylation 
soon followed in 1990.155  In a series of 2-benzyl substituted -mannose donors, intramolecular 
C-arylation reactions were investigated under various conditions, utilizing an array of protecting 
groups and anomeric leaving groups.  This reaction proved highly susceptible to the identity of the 
aglycon acceptor and/or anomeric activation as shown in Scheme 82.  In Scheme 82a, a per-O-
methyl-2-(3-methoxy)benzyl -glucose 319 was used as the intramolecular donor/aglycon 
acceptor, and proceeded in aqueous acetic acid/sulfuric acid at 90 °C to 320 in 50% yield.  
Conversely when 321, an anomeric -acetate, with either O-methyl or O-benzyl substitution and 
a simple 2-O-benzyl acceptor, was subjected to SnCl4 at rt, there was no reaction, Scheme 82b.  
Similarly, under the conditions of Scheme 82c, 321 failed to cyclize once more, instead undergoing 
deacetylation/dimerization.  When an -mannose 322 substituted with benzyl groups and a 2-
meta-methoxybenzyl acceptor was run under the aqueous acetic acid/sulfuric acid conditions for 
one hour at 80 °C, then 24 hours at room temperature, the reaction proceeded in an 80% overall 
yield of the two possible regioisomeric products in 4.5:1 ratio of 323/324, Scheme 82d.  This result 
showed that intramolecular C-arylation was not only possible for 5,6-furanoisochroman 
construction, but very feasible for the synthesis of [6,6]-systems as well, provided that the 
donor/acceptor pair is properly tuned to facilitate efficient conversion of reactant to product.  In 
these cases, it is clear the acceptor is the critical determinant and must be sufficiently nucleophilic 




Scheme 82:  O. R. Martin's 1990 intramolecular C-glycosidations 
3.2.1.5 Use of Anhydrosugars in Intramolecular Friedel-Crafts Cyclization 
Anhydrosugars have also been shown to react under intermolecular C-aryl glycosylation 
conditions, Scheme 83.  In 2000, Kovensky and Sinaÿ used anhydrogalactopyranose 325 for 
preliminary oxocarbenium formation that cleaved the tetrahydropyran ring of the bicyclic 1,4-
anhydrosugar, before an intramolecular C-arylation proceeded to provide 326 in 52% yield, 
Scheme 80a.157  Two further examples are found in the literature, both of 1,6-anhydro-D--
glucopyranose 327, and in these cases, the reaction failed to yield any tricyclic product, whether 
with a less reactive aglycon acceptor, OBn, or one more amenable towards cyclization, OPMB.  It 




Scheme 83:  Anhydrosugar intramolecular C-glycosidation 
3.2.1.6 Other Accidental Formation of [5,6]- and [6,6]-Systems as Side Products 
Aside from purposeful synthesis of furanoses and pyranoses, there have been several 
examples of intramolecular C-aryl glycosylations that appeared in the literature through undesired 
and unexpected side reactions.  This, of course, started with Martin’s initial fortuitous discovery, 
vide supra.  As a further example, in 1987, while attempting to create C-glycosidic linkages from 
per-O-benzyl--ribofuranosyl fluoride 329, Nagasawa and coworkers obtained the intramolecular 
C-aryl glycosylation product 310, instead of the expected C-glycosylation product, Scheme 84a.158  
Upon optimization, the reaction provided 310 in 83% yield, further demonstrating the potential 
utility of intramolecular C-arylation reactions, Scheme 84b. 
 
Scheme 84:  Unexpected intramolecular C-arylation of -O-benzyl-ribofuranosyl fluorides 
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In 1989, when Suzuki and coworkers were investigating the glycosylation reaction of per-
O-benzyl--mannopyranosyl fluorides, using Cp2ZrCl2-AgClO4 as the promoter, they found an 
unexpected side product.159  When 330 was reacted with a 1° or 2° alcohol, the normal 
intermolecular glycosylation occurred, but when 3° alcohols were used, the product obtained was 
332, through the intramolecular C-arylation pathway.  It was thought that the promoter led to very 
high activation of the anomeric fluoride, which encouraged neighboring group participation and 
subsequent C-aryl glycosylation.  By tuning the reaction through raising or lowering the activity 
of the promoter, either product, 331 or 332, could be selected; AgPF6 and AgSbF6 led to substantial 
formation of 332 (cyclic prod), while AgBF4 and AgOTf suppressed formation in favor of the O-
glycoside product 331, Scheme 85. 
 
 
Scheme 85:  Unexpected intramolecular C-arylation of mannopyranosyl -fluorides 
 
In 1996, a similar result of competing C-glycosidation/intramolecular C-arylation was 
encountered by Bürli and Vasella, during the course of the reaction of alkynyl glucosyl chloride 
donor 333 with acetylene 334.  The desired C-glycoside 335 was indeed provided in 31% yield, 




Scheme 86:  Unexpected intramolecular C-arylation during C-alkynyl glycosylation 
 
3.2.1.7 Failed C-Aryl Glycosidations 
As evident, not every glycosidation system produces cyclic C-aryl glycosides, and it is not 
fully understood why.  Key factors including differences in protecting groups, the sugar itself, 
anomeric substitution, and choice of promoter — all can lead to either success or failure.  In 1985, 
O. R. Martin's tin (IV) chloride promoted intramolecular C-arylation of per-O-benzylated -
glucopyranosyl acetate 337 failed to yield an appreciable amount of cyclic C-aryl product.  On 
closer inspection it was identified within a complex mixture of products, attributed to partial 
debenzylation, Scheme 87a.149  In a later example by Crich and coworkers in 2000, using a 
benzylidine-protected glucopyranosyl-O-triflate 338, glycal formation in 339 predominated in 
88% yield, Scheme 87b1, but when a mannosyl-O-triflate 340 was subjected to the same 
conditions, the tricyclic C-glycoside 341 was provided in 56%, Scheme 87b2.161  Clearly, this 




Scheme 87: Failed intermolecular C-aryl glycosylations 
 
3.2.2 Deliberate Application of Intramolecular C-Arylation to Natural Product Synthesis 
3.2.2.1  Martin’s synthesis of Tri-O-methylnorbergenin Triacetate 
Bergenin, found in a large variety of plants, has long been used in Indian folk medicine to 
treat venereal disease.162  This compound was first targeted by O. R. Martin, as tri-O-
methylnorbergenin triacetate, utilizing an intramolecular C-arylation strategy.163  The synthesis 
commenced by glycosylating per-O-acetyl--glucopyranosyl bromide 342 with 4-penten-1-ol as 
the acceptor, providing O-pentenyl ortho ester 343 in 83% yield.  [The perbenzylated glucose 343 
was deacetylated and benzylated in one step using KOH and BnBr.]  The ortho ester was then 
deprotected and the O-pentenyl donor 344 was formed in 84% yield.  This was followed by a 
Williamson etherification with 3,4,5-trimethoxybenzyl chloride 345 under standard conditions to 
provide tethered donor/acceptor pair 346 in a yield of 80%.  Using Fraser-Reid's pentenyl trigger164 
and iodine dicollidine perchlorate (IDCP) as the promoter, intramolecular C-glycosidation of 346 
proceeded to cis-ring analogue 347.  This was now epimerized using BF3.OEt2, presumably via a 
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stabilized benzylic cation, to the desired trans- product at 48% yield.  After debenzylation via 
catalytic hydrogenation and acetylation to 348 (95% over two steps), the isochroman ring was 
oxidized to the lactone, affording 349 in 68% yield, Scheme 88. 
 
 
Scheme 88:  Total synthesis of tri-O-methylnorbergenin triacetate 349 
 
While certainly a potentially powerful technique, the drawbacks of such a method are the 
use of expensive promoters and complicated leaving groups on the donor, and the design of 
suitable protection methodology inaccessible to the average synthetic organic chemist not well-
versed in the arcane and unpredictable world of carbohydrate chemistry.  In addition, the aryl 
acceptor often requires activation and can lead to undesired regioisomers, e.g., Scheme 82d.  
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Therefore, the use of common and inexpensive Lewis acids as promoters, the incorporation of 
standard protecting groups, all in conjunction with simple anomeric leaving groups is the elusive 
key goal of sugar chemists worldwide. 
 
3.3 An Alternative Silicon-activated Synthesis of cis-C-Aryl Glycosides via Intramolecular 
C-Glycosidation 
3.3.1 Introduction 
Based on the findings, above, a general procedure facilitating the intramolecular C-aryl 
glycosidation of bicyclic aryl systems, where donor and acceptor are tethered via ether linkages, 
appears somewhat lacking, particularly in the pyranose series.  As a continuation of the work of 
the Fearnley group focused upon the synthesis of polycyclic ether systems containing 
organosilicon substitution, capable of Friedel-Crafts alkylation via transient oxocarbenium ions,165 
it was decided further investigation of this interesting reaction was warranted, Scheme 89.  Any 
attempt to provide a general solution to its capricious behavior should be tolerant of functionality 
in the less amenable pyranose series, incorporate commercially-available glycosides, and readily 
proceed regardless of electron demand exhibited by other functionality on the aryl aglycon 
acceptor, Scheme 89a.  The group envisioned the use of a suitable arylsilane-mediated Friedel-
Crafts cyclization would effectively promote the overall desired cyclization pathway, Scheme 
89b.166-169  It was hoped that inclusion of an appropriately-positioned silyl substituent would serve 
a double purpose:  To enhance the process on electronic grounds (increased nucleophilicity, and 
superior stability of the intermediate aryl carbocation), and to provide a greater degree of precise 
and complete regiocontrol in the case of aryl aglycon acceptors possessing more complex, 
asymmetrical substitution patterns.  Certainly, it was this latter consideration that was most 
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appealing in their intended approach to the synthesis of certain bioactive C-aryl glycosides, as well 
as related, conformationally-restricted analogues. 
 
 
Scheme 89: Proposed -stabilizing in intramolecular C-aryl glycosylation 
 
3.3.2 Examples of Arylsilane Activated Intramolecular Cyclization  
In 1988, Miller and coworker examined the propensity of TMS group ipso-directing ability 
as applied to the intramolecular Pictet-Spengler reaction, in respect to regiocontrol with more than 
one available site for cyclization.168  In Scheme 90a, the primary directing force is produced by an 
electron-donating o,p-director, OMe on m-methoxyphenethylamine 350, leading to addition to the 
sterically-unhindered ortho-position relative to the methoxy substituent, albeit in only a 22% yield 
of 351.  Interestingly, when a TMS group is added in 352 between both substituent groups of the 
benzene ring, the trimethylsilyl moiety directs an ipso-attack, providing isoquinoline 353 in a much 
improved 72% yield, Scheme 90b.  Miller thus elegantly illustrated the potential utility of the TMS 




Scheme 90:  Ipso-attack in Pictet-Spengler reactions 
Majetich and coworkers investigated the viability of the use of dienones for Friedel-Craft 
applications in 1993, including regiospecificity and mechanism.167  Majetich initially attempted 
the Friedel-Crafts cyclization of benzyldienone 354, but this substrate failed to cyclize to the 
desired product 355 when subjected to a wide range of Lewis acids and under various reaction 
conditions.  When a methoxy substituent was added to the 4-position of the benzyl group 356, the 
reaction yielded a majority of the para-methoxy product 357 and the ortho-tricycle 358 as the 
minor product under differing Lewis acids conditions (1 eq.);  BF3.OEt2 (75% 357/11% 358), TiCl4 
(73% 357/0% 358), and FeCl3 (70% 357/11% 358), Scheme 91. 
 
Scheme 91:  Effect of methoxy substitution on the Friedel-Crafts cyclization of arene-dienones 
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Of particular interest to us was the further study reported as a footnote by Majetich, where 
he investigated the reaction of arene-dienones with a trimethylsilyl group ortho to the benzyl 
methylene.  This dienone 359 led to ipso-cyclization at the silyl site, and loss of the TMS group.  
BF3 provided 355 in 65% yield, TiCl4 in 56%, and FeCl3 in 30%, Scheme 92.  This result was 
rather encouraging to us, as Majetich did not recover any meta-substituted product, and it was 
hoped that this outcome would hold true in our group’s Friedel-Crafts targets. 
 
 
Scheme 92:  Effect of trimethylsilyl substitution on the Friedel-Crafts cyclization of arene-dienones 
As interesting as these results are, however, no reactions at oxocarbenium ions have been 
reported. 
3.3.3 Previous Work in Fearnley Lab:  M. Tidwell’s Model Studies 
Inspired by their earlier results, Fearnley and Tidwell selected the most basic model 
compound for their initial study — 362 a simple methoxypyranose tethered to an otherwise 
unsubstituted arylsilane moiety with no additional stereoelectronic influences present, Scheme 93.  
Construction of the required precursor 362 was envisioned as resulting from dihydropyran 360, by 
epoxidation, methanolysis, then Williamson ether coupling with 361.  It was thought that overall 
simplicity and the readily-characterized six-membered ring stereocenters were additionally 
favorable features of 363. 
 
Scheme 93:  Synthetic route of [6,6]-pyrano-isochroman model 363 
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Epoxidation of dihydropyran 364 in the presence of MeOH yielded the 2-methoxy-3-
hydroxytetrahydropyran 360.170  Tidwell noted that although the 1H NMR spectrum appeared to 
only contain the major diasteromer 366, upon GC separation, it was found that both the major 




Scheme 94: Tidwell’s epoxidation/methanolysis results 
 
His results were consistent with the observations discussed in Sweet and Brown,170 who 
noted that if the crude reaction mixtures were worked up immediately upon completion of the 
reaction, >99% of purified product was of the trans-configuration, but when left to sit for two days 
at rt in solution, 5–10% of the cis-isomer was obtained. 
 
3.3.4 The Synthesis of o-Trimethylsilylbenzyl Bromide 
With virtually pure trans-acetal 366 in hand, a synthesis of the key arylsilane fragment 362 
was now required.  Tidwell began by creating a Grignard reagent in situ from o-chlorotoluene 368, 
followed by SN2 substitution on TMS-Cl, affording o-trimethylsilyltoluene 369 in a highly 
acceptable 87% yield.  Loosely following the procedure of Severson et al.,171 replacing the 




No longer in possession of a tungsten UV lamp, Tidwell’s synthesis had to be modified 
before the intramolecular C-aryl glycosylation could proceed.171, 172  A Grignard reagent was 
created from o-chlorotoluene 368, and coupled with TMS-Cl, providing o-trimethylsilyltoluene 
369 in 44% yield, and a radical bromination of product 369 was effected, yielding o-
(trimethylsilyl)benzyl bromide 361.  Although the initial yield was only 27%, upon optimization, 
it was increased to an acceptable 67% yield when performed on a large scale, Scheme 95b.  With 
benzyl bromide 361 in hand, completion of all C-aryl glycoside targets to be synthesized from a 
range of cyclic hydroxy acetals could ensue. 
 
 
Scheme 95:  Synthesis of o-TMS-benzyl bromide 361 
 
These two prototypical fragments underwent smooth benzylative coupling under simple 
Williamson ether-type conditions, delivering 371 in 77% yield Scheme 96.  The TLC of the 
reaction mixture showed the formation of a higher Rf spot in relation to the hydroxyacetal 366.  
This spot, identified as the methyl acetal benzyl ether 371 showed the loss of the broad absorption 
of the H-bonded –OH stretch at ~3600 cm-1 in the IR spectrum, and a downfield shift of the benzyl 
110 
 
methylene signal on the proton NMR, indicating that coupling had occurred.  Furthermore, 371 
also was found to have a parent ion, [M-H]+ of 293 amus, indicating that the product was, in fact, 
the result of the coupling of the two reactants. 
 
 
Scheme 96:  Route to [6,6]-pyranopyranose model precursor 371 
 
Tidwell chose to analyze the 1H NMR coupling constants to determine the conformation 
of product 371.  He found that H1 was coupled to H2 by 4.4 Hz.  H2 itself was coupled to each of 
the H3 signals by 4.0 And 6.2 Hz.  This indicated both H1 and H2 were equivalent and identified 
each H3 signal as equatorial and axial, respectively.  These data comported well with the expected 
orientation of these protons in a conformation where the ether tether appears in an axial position, 
and the anomeric methoxy is antiperiplanar to the ether, Figure 26.  Also, further supporting this 
supposition, were the ether tether to adopt an equatorial position in which both the methoxy and 
benzyl ether were on the -face in a cis relationship, H2 and H3ax would have approximately a 
180° orientation.  This would lead to a much larger 1,2-diaxial coupling constant of approximately 
10-12 Hz, in accordance with the Karplus equation. This large coupling is not present in the proton 




Figure 26:  Key coupling constants in axial tethered Friedel-Crafts precursor 371 
 
3.3.5 Intramolecular Cyclization Result 
Initial screening reactions were investigated after their Friedel-Crafts cyclization precursor 
371 was in hand.  After preliminary optimization, 2.0 equivalents of BF3.OEt2 in DCM at reflux 
provided the highest yields.  Interestingly, analysis of the crude product mixture revealed a sizable 
amount of the silyl moiety was still present, while further purification by flash column 
chromatography yielded two main products, both appearing to contain the desired skeletal stucture, 
Scheme 97.  Detailed NMR elucidation allowed identification of each as the expected tricycle 372, 
arising from ipso substitution, and the unexpected meta-substituted 372a in which the silyl group 
had apparently failed to participate, leading to retention of the substituent in the final product.  
Each product appeared to possess the basic fused tricyclic structure.  NMR signals indicative of 
successful ring closure included an upfield shift for the former anomeric site, now a C-arylated 
ring junction (13C NMR: 102.4 shifted to 73) and a larger geminal coupling of the benzylic 
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protons (11.9 increasing to 15.1 Hz).  However, the expected tricycle 372 possessed the expected 
four signals in the aromatic region, the silylated compound 372a clearly still possessed its TMS 
group and showed only three signals in a decidedly distinct 1,2,3-trisubstituted coupling pattern.  
Fearnley and Tidwell found that mass spectrometry agreed with these assignments. 
 
 
Scheme 97:  Reaction conditions for Friedel-Crafts cyclization of 371 
 
These compounds were referred to as the ipso and meta substitution products, respectively.  
They now proceeded to stereochemical assignment of the two products.  In the case of both 
products 372 and 372a, cis-stereochemistry was confirmed by zero Hz 3J interactions across the 
nascent ring junction, similar to the previously reported cis-coupling values for mannose-derived 
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Figure 27:  Literature confirmation of stereochemistry of 372 and 372a 
 
Tidwell subsequently found that the Friedel-Crafts cyclization of TMS-ether 1 was highly 
dependent upon concentration:165 at 0.276 M, the yield was 19%, but when diluted to 0.004 M, the 
overall yield increased to 72%, which is to be expected in any intramolecular process. 
 
3.3.6  Possible/plausible Pathways for Formation of Friedel-Crafts Products 
 Fearnley realized that the behavior of the TMS was incongruous to the theoretical 
expectations during the cyclization, and this begged the question:  Did these two products truly 





Scheme 98:  Ipso- and meta-Friedel-Crafts cyclization mechanisms 
 
 In addition, Fearnley postulated that the desired ipso product may also arise from 
incomplete protodesilylation of the meta product after initial formation, Scheme 99a.  
Alternatively, Fearnley also realized that a 1,5-silyltropic shift of the TMS substituent could have 
masked the ipso substitution pathway, Scheme 99b. 
 
Scheme 99:  Alternative Friedel-Crafts cyclization mechanisms 
 
To determine the exact mechanisms in play for each product, the reaction needed to be 
followed.  Clearly, the absolute regiochemistry of each path could easily be observed by 
substitution of suitable groups at appropriate positions on the benzyl ring.  However, it was 
possible that any substituent could possibly interfere with the cyclization by either steric or 
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electronic means.  Ultimately, Fearnley and Tidwell decided to use isotope labeling via the 
incorporation of a deuterium para to the silyl group,165 Scheme 100.  If only the ipso and meta 
pathways existed, this would result in regiospecific deuteration of each product as shown.  
However, if any other mechanisms were present, additional products with deuteration appearing 
in alternate positions would be detected. 
 
 
Scheme 100:  Expected deuterium tracking outcomes 
 
3.3.7 Synthesis of the Deuterium-Labeled Substrate 
Deuterium was introduced regiospecifically by palladium-mediated stannyl deuteration of 
a corresponding aryl triflate 382.165  This, in turn, arose from methyl anisole 381.  Synthesis of the 
deuterium-labeled benzyl precursor 376 and Friedel-Crafts cyclization followed in the same 
manner as before.  If Fearnley and Tidwell’s hypothesis was true, the cyclization would then 
”proceed with complete regiospecific retention of deuterium”165 in both products, thus allowing 




Scheme 101:  Synthesis of deuterated Friedel-Crafts cyclization products 
The two products when characterized proved to be completely analogous to those of the 
non-deuterated products 372 and 372a.  The product arising from apparent ipso-attack 377 would 
be expected be deuterated on the C8 of the phenyl ring, giving rise to two doublets and one singlet 
in the aromatic region of the proton NMR.  Tidwell’s analysis showed that the suspected ipso-
product 377, did indeed fit this paradigm, possessing two doublets (8.5 Hz, at 7.37 and 7.27 ppm), 
and a singlet at 7.05 ppm, clearly identifying this product as resulting from ipso-addition, Figure 
28a.  The remaining product 377a, presumably the meta product, with retention of the TMS group, 
would be expected to show only two doublets.  Once again, this was the case, as 377a had two 
doublets only in the aromatic region at 7.46 and 7.25 ppm, each showing an 8.5 Hz coupling, thus 




Figure 28:  Aromatic coupling patterns of deuterated benzene rings in analogues of [6,6]-pyrano-isochroman  
            products. a) Product arising from ipso-attack. b) Product arising from meta-attack 
 
Therefore, only two distinct pathways were in play.  The proposed mechanism for the two 
products assumed that there are two distinct regiochemical pathways.  The path that leads to 
product 372 is thought to involve an attack by the aromatic ring of the benzylic ether at the site of 
the TMS group (ipso-attack), followed by the subsequent loss of TMS during rearomatization of 
the phenyl ring, Scheme 102a.  It is thought that the other regioisomer 372a is obtained through a 
conformation of 371 where the TMS group assumes the most sterically-unhindered position, and 
attack occurs meta to the TMS, and a hydrogen is lost upon rearomatization, Scheme 102b. 
 
 
Scheme 102:  Proposed Friedel-Crafts cyclization mechanisms 
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3.3.8 Steric Considerations in Observed Regioselectivity 
Fearnley reasoned that the meta-silyl product 372a “arose from simple minimization of 
steric interactions during the course of the reaction, with the TMS being held distal in the 
developing transition state,”165 Figure 29.  Fearnley also noted, similar observations have been 
made during related intermolecular Friedel-Crafts type reactions, with the retention of a silyl group 
via non-ipso substitution pathways competitive in sterically hindered cases.165  As silicon is only 
a very slightly activating substituent on benzene, more than hydrogen but considerably less than 
carbon, Fearnley and Tidwell did not feel the mechanism was being directed by any indeterminate 
electronic effects.  (The silyl functionality cannot participate in any typical -cation stabilization 
due to its orthogonal geometry.)  Rather, the considerable steric repulsion found in the ipso 
pathway must sufficiently offset the more favorable silyl-stabilized intermediate cation, thereby 
forcing meta-substitution as the preferred mechanistic pathway, at least in the case of “bare,” 
unsubstituted oxygen-containing donors (DHF, DHP). 
 
 




3.3.9 Literature Precedent for Regiochemical Selection 
Similar capricious regiochemical aberrations in the Friedel-Crafts substitution of 
silylarenes have been previously reported.  The behavior of phenols and anisole undergoing 
halogenations has long been reported in the literature, and the high reactivity and strong o-p 
direction of these groups lead regiospecifically to one or a mixture of two products.  In 1960, 
Hashimoto investigated the bromination of m-(trimethylsilyl)phenol 385.173  He found that in lieu 
of ipso substitution of bromine at the silyl substituent, bromination occurred para to the hydroxy 
group 386, Scheme 104a.  In a similar investigation, also in 1960, Eaborn and Webster found that 
m-(trimethylsilyl)anisole 385 did not participate in ipso-attack at the silyl site, but yielded mainly 
2-bromo-5-(trimethylsilyl)anisole 387,174 Scheme 103a.  Finally, in 1983, Wilbur and coworkers 
revisited the halogenations of (trimethylsilyl)phenols and anisoles,175 and met with similar results 
as those reported by Hashimoto, and Eaborn and Webster.  In an attempt to force ipso-substitution 
at the TMS-substitution site, it was reasoned that a less activating group was necessary.  By 
replacing the hydroxy or methoxy group with an O-acetate, the meta-substituted phenolic ester 
388 returned from 84-96% of the meta-halogenated products 389, Scheme 103b. 
Returning to the work of Mariano and coworkers,166 under the same conditions previously 
described, vide supra, o-(trimethylsilyl)-1-methylpyrrolidinium perchlorate 390 was irradiated to 
provide a mixture of benzotetrahydropyrrolizine 391, resulting from ipso-attack, and the 
trimethylsilyl analogue 392, which arose from meta-attack (with respect to the TMS group).  1M 
perchloric acid was then used to protodesilylate the silyl-containing product 391 to the ipso-attack 
product 391.  This result is of particular interest, as it is analogous to our work presented in this 





Scheme 103:  Literature precedent for regiochemical selection 
 
In our group’s case, the formation of the meta-silyl product appeared to be directed via 
sterics.  Consequently, a deuterated analogue was synthesized to ascertain whether the TMS group 
played an integral role in the mechanism, i.e., was the TMS functionality a necessary component 
in the reaction or was it merely a spectator?  Therefore, an unsubstituted benzyl ether was created 
and then subjected to the Friedel-Crafts cyclization conditions.  Interestingly, in direct opposition 
to the above sterics-based argument, the corresponding nor-silyl benzyl ether 371 refused to 
cyclize under the exact same reaction conditions, even after a lengthy investigation.165  As was 
expected, there was no detectable effect on electronic character and incidentally, a reduction in 
steric bulk..  At that stage Fearnley and Tidwell surmised that the TMS functionality was a 
necessary component, presumably arising from ancillary steric effects, as a direct result of its 
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crowded ortho-substitution pattern, i.e., steric buttressing.  This was implied from the molecular 
modeling of each precursor and comparison of key structural features. 
 
3.3.10 Development of a Two-step Practical Protocol 
Although it was not completely clear as to the exact nature of the forces that drive this 
reaction, these observations have proved quite useful from a utilitarian perspective, leading to 
Fearnley and Tidwell’s development of a novel two-step protocol.  Cyclization followed by simple 
desilylation of the initial crude product mixture by either of two protocols provided only the cis-
fused adduct 372,165 Scheme 104. 
 
 
Scheme 104:  Two pot route to pyranoisochroman 372 
 
By using a two-pot, Friedel-Crafts cyclization/protodesilylation protocol, the meta-
substituted product was converted to the product formed by ipso-attack without any need for 
isolation of the individual products, and consisted of a simple extraction and removal of solvent, 
directly followed by the desilylation reaction.  The initial ipso:meta ratios were determined from 
the integration of pertinent signals in the 1H NMR spectra of the crude mixtures of the isomers. 
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Fearnley and Tidwell believed this two-step protocol involving o-silyl benzyl ethers 
presents a potentially general solution for enhancing intramolecular Friedel-Crafts cyclization.  
This is the basis of the findings now presented herein. 
 
3.3.11  The Synthesis of [5,6]-Furanochroman Model 397 
After the successful synthesis of [6,6]-pyranochroman model 372, Tidwell proceeded to 
synthesize the [5,6]-furanoisochroman model 397, following his optimized intramolecular Friedel-
Crafts cyclization procedure.  Before he could test the efficiency of said procedure, he first had to 
construct the (trimethylsilyl)benzylmethoxytetrahydrofuran ether 396.  This was accomplished by 
first subjecting 2,3-DHF 394 to epoxidation/methanolysis conditions, providing hydroxyacetal 
395 in 41% yield.  Tidwell believed this atypically low yield was due to the volatility and high 
miscibility with water.  Hydroxyacetal 395 was then coupled to o-(trimethylsilyl)benzyl bromide 
361 under Williamson ether conditions, delivering ether 396 in a moderate 56% yield, Scheme 
105. 
 
Scheme 105:  Synthesis of [5,6]-furanoisochroman precursor 396 
With Friedel-Crafts cyclization precursor 396 in hand, it was then possible for Tidwell to 
investigate the key intramolecular cyclization.  The reaction was performed under two reaction 
conditions:  The first, using SnCl4 in DCM from 0 °C to rt, and the second, BF3.OEt2 in DCM at 
reflux.  Both provided similar yields and ipso/meta ratios of 397/397a, 91% overall, 2.4:1 ratio for 
the former, and 86% overall, and a 2.6:1 ratio for the latter.  When the mixture of isomers was 
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subjected to protodesilylation conditions, compound 397 was the only product, afforded in 75% 
yield, Scheme 106. 
 
Scheme 106:  Friedel-Crafts cyclization to [5,6]-furanoisochroman model 397/397a 
  Based on these initial successes, we have now extended this two-step method to a range 
of substituted examples, as described in turn below. 
3.4  The Synthesis of Substituted [5,6]-Furanosides and [6,6]-Pyranosides 
3.4.1  The synthesis of 2-phenylfuranopyranoside, 406  
After the success of the basic [6,6]-pyranopyranose and [5,6]-furanopyranose model 
syntheses 372 and 397, respectively, the next logical step was to extend the methodology to 
increasingly more complex, substituted targets.  One such example would be phenyl-substituted 
system 400.  In the planned approach, product 400 (unknown ring junction stereochemistry at this 
point), would be synthesized via Friedel-Crafts alkylation from ether 399.  In turn, precursor 399 
would come from phenyldihydrofuran 398, Scheme 107. 
 
 
Scheme 107: Synthetic route to 2-phenyl-[5,6]-furanopyranose 400 
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3.4.1.1 The Synthesis of Phenylhydroxyacetal 402 
2-phenyl-2,3-dihydrofuran 398  was synthesized via a migratory Heck reaction of phenyl 
iodide 401 and 2,3-dihydrofuran 394, following a known procedure, albeit in a low 19% yield.176  
This one-time reaction was not optimized, as it was a known compound, but run at a sufficiently 
large scale (18.55g of 2,3-DHF), to provide a sufficient quantity of purified product 402.  From 
398, the major furanose derivative 402 was provided from an mCPBA oxidation/methanolosis in 
74% yield, Scheme 108. 
 
 
Scheme 108:  The synthesis of 2-phenyl-furylhydoxyacetal 402 
 
As shown previously by Fearnley and Lory,177 there are actually three diastereomeric 
products afforded from this reaction, with the major product 402, as shown.178  The preference for 
this product 402 is attributed to steric hindrance of the 5-phenyl substituent partially blocking 
access of the peroxyacid to the -face.  This effect is enhanced with a bulky peracid, such as 
mCPBA.  Regiospecific attack of methanol at the epoxide is due to stereoelectronic considerations, 
i.e., the 2-position, as opposed to the 3-carbon, involving electron-pair donation from the adjacent 
oxygen.  [This can take place via both SN2 and SN1-type pathways.] 
The origin of the three hydroxyacetal products 402, 402a, and 402b, isolated and 
characterized previously, and the optimization and product ratios under several different 




Figure 30:  Mechanisms of methoxy-hydroxylation of iodo-DHF and optimization. a) Major anti-trans product 402. 
     b) Minor anti-cis product 402a. c)  Minor syn-trans product 402b. d)  Optimization chart for  
     epoxidation/metholysis reaction. 
The epoxidation of 5-phenyl-DHF 398 has a preference for anti-epoxidation with hindered 
peroxyacids due to steric hindrance from the 5-phenyl substituent, thereby mostly inhibiting -
attack upon the alkene of 397.  However, the syn epoxide 4034 can still form to a far lesser degree.  
The anti-epoxide 403 then follows two pathways for ring opening/methanolysis; pathway a) 
proceeds through an anti, SN2-type mechanism, where methanol attacks the more electrophilic C2, 
producing the major “anti-trans” hydroxyacetal 402, and b) when anti-epoxide 403 undergoes SN1-
type pathway, via an oxocarbenium at C2.  This permits attack of methanol to either face of the 
carbocation, but once again, due to steric hindrance and electronic effects by the 5-phenyl moiety, 
leads primarily to the formation of the minor, “anti-cis” product 402a. 
Conversely, when the minor syn-epoxide 404 is produced, the two pathways described 
above are available, but only one product is formed, albeit in very small quantities.  The SN2-type 
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mechanism, pathway c), forms the minor, syn-trans hydroxyacetal 402b.  The syn-cis product 
402c, afforded by the theoretical SN1-type mechanism is not observed.  This is most likely due to 
the apparent preference for attack of the nucleophile (MeOH) upon the formed oxocarbenium from 
the face opposite of the 5-phenyl substituent.  Fearnley and Lory assigned the coupling constants 
















Figure 31:  Coupling Constants for phenyl hydroxyacetal diastereomers: a) anti-trans b) anti-cis c) syn-trans 
 
3.4.1.2 Completion of 2-Phenyl-furanoisochroman 406 
With hydroxyacetal 402 in hand, coupling to benzyl bromide 361 — using our standard 
Williamson ether synthesis methodology — provided methylene-tethered adduct 405 in 72% yield.  
Any side products resulting from residual "minor" diastereomers of 402 were easily removed by 
flash column chromatography before proceeding to the next step, Scheme 109. 
 
Scheme 109:  Williamson Etherification to benzyl ether 405 
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The TLC of the reaction mixture showed a higher, UV active spot at 0.71 Rf (3:17 
EtOAc/hexanes).  Upon examining the IR spectrum of ether 405, it was apparent that the suspected 
product did not contain a hydroxyl functionality, as the broad absorbance at ~3400 cm-1 in 
precursor 402 was not present in 405.  1H NMR showed a total of 28H (14H in hydroxyacetal 402), 
and an increase in the aromatic region integral from 5H in hydroxyacetal 402 to 9H in the product, 
(the TMS group on the benzyl group would necessarily decrease the number of aryl Hs by one), 
in agreement with that expected in 405.  The CH-X region was essentially the same as 402 (three 
methines and the methoxy singlet), but with the addition of the benzyl CH2 at 4.82 ppm (ABq, 
AB = 0.02, JAB = 11.4 Hz, 2H).  The methylene region showed the addition of a singlet at 0.38 
ppm (9H), corresponding to the trimethylsilyl group of the benzyl ring.  Finally, the mass spectrum 
showed a parent ion of [M+Na], 379.1667 amus 
Detailed 1H NMR analysis ensued, proving highly analogous to the starting hydroxyacetal 
H5 at 5.35 ppm (dd, J = 10.4, 6.1 Hz), showed coupling to H4 at 2.10 ppm (ddd, J = 14.8, 10.1, 
4.7 Hz), and coupling to H4 at 2.44 ppm (6.4 Hz).  H4 showed the expected large geminal 
coupling of 14.1 Hz, while H4 (ddd) also revealed a further 4.7 Hz coupling, presumably to H3.  
This coupling constant was reciprocated in H3 at 4.14 ppm (d, J = 4.7 Hz).  This suggested that 
the singlet at 5.12 ppm was H2, and thus possessed a 90° dihedral angle with H3, thereby 




Figure 32:  Numbering and coupling of furylbenzyl ether 405 
 
Using our standardized BF3 conditions, 405 was cyclized once again, yielding two 
products, 406 and 406a.  Upon completion of the reaction, the TLC showed the formation of two 
major Rf spots (0.29 and 0.11 Rf in 1:19 Et2O/hexanes vs. furylbenzyl ether 405 set on baseline for 
maximal resolution of product spots).  After separation via flash column chromatography, 1H NMR 
showed these products to be decidedly different from the tethered donor/acceptor precursor 405.  
It was apparent that 406 and 406a arose from ipso- and meta-substitution, respectively, in 1:2 ratio.  
This initial ipso/meta ratio was reversed from Tidwell’s two unsubstituted model examples.  As it 
was possible to separate the two products, 406 and 406a, column chromatography was only carried 
out for complete characterization.  Otherwise, the crude mixtures containing the regioisomers were 
combined and passed through to the next step, protodesilylation, (For an in-depth discussion of 
this two-pot protocol, see Section 3.3.10, above.)  The protodesilylation of 406a in the presence 
of the desired ipso-substituted product was accomplished with dilute TFA, providing 406 in 84% 
129 
 
yield total over two steps, Scheme 110.  The changing ratio of ipso:meta substitution products 
synthesized in our studies will be discussed in Section 3.7, vide infra. 
 

Scheme 110:  Synthetic route to 2-phenyl-furanoisochroman 405 
 
3.4.2 Structural Determination of 406 and 406a 
3.4.2.1 Structural Determination of 406 
In this case, the two products 406 and 406a, resulting from ipso- and meta-addition, 
respectively, were readily characterized using standard 1H and 13C NMR spectral methods.  In the 
lower Rf spot, the loss of the anomeric methoxy signal was accompanied by the additional loss of 
the trimethylsilyl signal of the aromatic moiety, while an observable nine aromatic proton signals 
remained.  This was accompanied by five distinct signals in the CH-X region, and a further two in 
the methylene envelope.  The 13C NMR spectrum showed the loss of the anomeric acetal methine, 
and the addition of a new CH signal at 79.6 ppm.  Finally, the mass spectrum showed a parent ion 
of [M+Na], 275.1029 amus, suggesting that the compound found in the lower spot of the TLC was 





Figure 33:  Phenyl-[5,6]-furanopyranose numbering system 
 
Having assigned gross structure, detailed analysis of coupling constants, allied with 
HOMODEC experiments, were used to establish precise connectivity and stereochemistry.  The 
aromatic region showed two peaks (integral, 1H each), a multiplet and dm at 7.57-7.56 and 7.11, 
J = 7.5Hz.  The remainder of the aromatic protons appeared in three multiplets at 7.44-7.38, 
7.38-7.35, 7.34-7.27, integrating for 2H, 2H, and 3H, respectively. The total integral for the 
aromatic protons of the two phenyl rings of the compound add to 9H, which is to be expected for 
the ipso-addition product. 
As usual after cyclization, the H5 methylene group became diastereotopic, and the 
precursor singlet split into two characteristic doublets at 4.84 and 4.68 ppm (J = 14.5 Hz).  The 
methylene group of the tetrahydrofuryl A ring, H3x/H3y, were expected to be the most upfield 
signals, and appeared as two ddds at 2.63 and 2.28 ppm.  That left three unassigned signals in the 
CH-X region:  the two ring junction protons, H3a and H9b, and H2.  
We expected H2 to be easily identifiable as one of the most downfield aliphatic protons in 
the CH-X region, since it would be subject to further deshielding from the adjacent phenyl ring.  
In addition the H2 coupling pattern would be considerably more complex than otherwise similar 
H9b.  H2 was, indeed, observed at 5.31ppm as a dd, (J= 10.5 and 6.0 Hz).  These values were 
reciprocated in the adjacent H3 (5.5 Hz; cis) and H3 (10.0 Hz; trans), providing further 





Figure 34:  Compound 406 1H NMR shifts and coupling constants 
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H3/H3 were now assigned as the ddds at 2.63 ppm, (J = 13.0, 5.5, and 0.5 Hz), and 2.28 
ppm, (J = 14.5, 10.0, and 4.5 Hz), respectively.  In addition to the large germinal coupling, 
interactions with H2 established the relative topology.  The remaining small coupling constant of 
H3 (0.5 Hz), was only possibly for an H3 to H3a dihedral angle of near 90°, further confirming its 
-orientation on C3.  Similarly, the remaining 4.5 Hz coupling for H3 further supported the 
assignment as H3.  This led to the supposition that the apparent triplet (J = 4.0 Hz) at 4.47 ppm 
was the other ring junction proton, H3a.  It was now readily apparent that the only candidate for 
the remaining ring junction proton, H9b was the doublet at 3.97, J = 3.5 Hz.  1H NMR shifts and 
coupling constants appear in Figure 34, above. 
 
3.4.2.2 Structural Determination of 406a 
It was logical to assume the higher Rf product was the less polar TMS-containing meta 
product.  Once again, there was the loss of the anomeric methoxy group of the donor, but now the 
presence of only eight aromatic protons by integration.  In addition, a large singlet at 0.38 ppm, 
integrating for 9H, obviously corresponded to the retained TMS group.  The CH-X region showed 
five signals integrating to five protons, and included the characteristic isochroman CH2 as a pair 
of ABX doublets.  This left three unassigned signals, presumably H2, H3a, and H9b, along with 
two in the methylene envelope, presumably H3/H3.  Otherwise, the NMR was remarkably 
similar to the ipso-product identified earlier.  The 13C NMR spectrum showed the loss of the 
anomeric methine, and the addition of the CH signal at 79.7 ppm.  The final data from the mass 
spectrum showed a parent ion of [M+H], 347.1401 amus.  The gross structure of this product was 
clearly that of TMS-substituted [5,6]-furanylpyranose 406a, with stereochemistry, presumably, as 




Figure 35:  Product 406a resulting from meta-attack 
 
The proton spectrum for TMS-substituted product 406a, arising from meta-attack of the 
phenyl group was essentially identical to that of product 406 from the ipso-attack.  One exception 
was a change in the shifts of the H5 protons of the spectrum of 406, presumably due to the 
proximity of the TMS group. 
After having assigned the protons in the same manner as used for 406, homonuclear 
decoupling experiments were run to definitively confirm the proton assignments of H9a, H3 and 
H3.  As in the spectrum of 406, the splitting pattern for H3a was an apparent triplet (~4.0 Hz), 
which prevented direct determination of the exact coupling constants.  Irradiation of H3 at 2.29 
ppm, revealed a 3.2 Hz coupling of H3a to H9b.  Finally, irradiation of H3a confirmed the 0.8 Hz 
coupling between H3 and H3a, and solidified the assignment of the 5.7 Hz coupling between 









3.4.3 The synthesis of O-benzyl-[6,6]-pyranopyranose 416 
Next, the effect of a remote substituent on a tetrahydropyran system was considered.  
Readily-available, benzyl-protected hydroxymethyldihydropyran 407 was selected.  The route is 
as follows, Scheme 111, and is fundamentally similar to that of the synthesis of prior target 406.  
Benzyl ether 408 will be synthesized over two steps — mCPBA oxidation, followed by coupling 
with aryl o-TMS-benzyl bromide 361, as in the previous synthesis, then cyclized to 409. 
 
Scheme 111:  General route to O-benzyl-[6,6]-pyranopyranose 
Using a known literature method, O-benzylation of hydroxymethyldihydropyran 410 was 
effected to deliver 407 in 83% yield using KOH and a catalytic amount of 18-crown-6 ether.179  
Epoxidation followed, but separation by column chromatography of the diastereomers formed was 
previously known in the Fearnley group to be difficult.177  It proved necessary to take the crude 
product mixture 411, subject it to a standard O-acylation procedure, separate the acylated products 
412 through careful flash column chromatography, then deacetylate 413 to yield  the desired major 
product 414.180  The yield as determined over three steps — epoxidation/methanolosis, acetylation, 
and deacetylation — was found to be 55% overall for desired major product 414, Scheme 112. 
 
Scheme 112:  Synthesis of enantiopure benyzloxytetrahydropyran hydroxymethyl acetal 414 
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3.4.3.1 Elucidation of 6-(Benzyloxy)methylpyranyl-3-hydroxyacetal 414 
To confirm the identity of the product, assumed to be hydroxylacetal 414, a structural 
analysis ensued.  The TLC of the reaction mixture showed a lower, UV active spot at 0.20 Rf (2:3 
EtOAc/hexanes), presumably that of pyranylhydroxyacetal 414.  1H NMR showed a total of 20H 
(16H in DHP glycal 407), and two signals in the aromatic region, integrating to 5H.  The CH-X 
region showed six signals and 10H.  The benzyl CH2 was apparent as a quartet at 4.50 ppm (J = 3 
x 12.1 Hz, 2H).  The readily identifiable methoxy group appeared as a singlet (3H) at 3.48.  The 
remaining signals, a d, two dds, a tdd, a ddd, and a multiplet were assumed to be H2, H3, H6, and 
H7x/H7y.  Finally, the methylene region showed three signals integration for 4H.  All signals were 
multiplets, and assigned as the two diastereotopic methylene groups, H4x/H4y and H5x/H5y, and 
the hydroxyl proton at C3 (a Gaussian multiplet at 1.55). 
With a gross structure assigned, some insights into the structure of 414 were possible.  The 
tdd at 3.61 ppm (J = 2 x 6.4, 4.7, 2.1 Hz, 1H) was assigned as H6, and the 4.7 Hz coupling was 
reciprocated in the dd at 3.41 ppm (J = 10.2, 4.7 Hz, 1H).  The 10.2 Hz geminal coupling was also 
found in an adjacent dd at 3.50 ppm (J = 10.2, 6.1 Hz, 1H).  These two protons were assigned as 
H7x/H7y.  As the signals for H5x/H5y were unintelligible, the analysis resumed from H2.  The 
only plausible signal was the doublet at 4.04 ppm, (J = 7.5 Hz, 1H), and therefore, the ddd at 3.32 
ppm was assigned as H3, as it shared the 7.5 Hz coupling, Figure 37. 
 
 




3.4.3.2 Synthesis of Friedel-Crafts Precursor and Subsequent Cyclization to 416 
Following the general procedure used as previously, the coupling of donor 414 with 
aglycon 361 provided 415 in 72% yield.  In the final step of the synthesis, the intramolecular 
Friedel-Crafts cyclization, ipso and meta-substituted products 416 and 416a, respectively, were 
delivered in a 1:3.7 ratio, and were pushed on after brief characterization to the desilylation step.  
The final product was delivered in a 55% overall yield over two steps.  This yield is 
uncharacteristically low for this reaction, and it is possible that the use of TBAF as the fluoride 
source for desilylation may be responsible for the atypically lower yield, Scheme 113. 
 
 
Scheme 113:  The synthesis of O-benzyl-[6,6]-pyranopyranose 416 
 
3.4.4 Structural Determination of O-Benzyl-[6,6]-pyranopyranose 416 
Initial TLC analysis of the reaction showed a new product with a lower Rf.  1H NMR 
showed this to be clearly distinct from the original starting material.  The OMe and TMS groups 
were now absent, while the requisite aromatic signals (9H) were still apparent.  The CH-X region 
showed eight signals, corresponding to 9H total.  These included a singlet, integral 2H, for the 
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CH2Ph of the exocyclic benzyl group, and the by-now characteristic isochroman CH2 as a pair of 
ABX doublets.  Five signals remained unassigned – presumably H2, H4a, H10b and the two H11s.  
The methylene envelope showed three multiplets, 4H total, corresponding to the two H3 and two 
H4 protons.  13C, including DEPT, showed the characteristic absence of the former anomeric 
methine (expected at 110), replaced by a CH signal at 69.8.  No methyl groups (i.e., OMe, 
TMS) were apparent.  Finally, mass spectrometry yielded a parent mass ion of [M+Na], 333.1450 
amus.  The numbering system appears in Figure 38 
 
 
Figure 38:  Numbering system of O-benzyl-6,6-pyranopyranose 416 
 
With a gross structure proposed, 1H COSY was used to establish precise connectivity, 
Figure 38.  The aromatic region contained two clear doublets at 7.51 and 7.03, J = 7.4 and 7.1 
Hz, respectively.  A further multiplet at 7.32-7.24, integral 3H, (the multiplet was occluded by 
the chloroform reference signal), accounted for all four protons of the fused isochroman ring.  
These were clearly cross-coupled in the COSY spectrum.  The latter multiplet was also partially 
occluded by a broad singlet, integral 5H, corresponding to the benzyl protecting group. 
In the CH-X region, the benzylic CH2Ph was clearly apparent at 4.62 (s, 2H).  The 
diagnostic gem-coupled benzylic methylene of the isochroman system appeared at 4.72 and 
4.88, with the usual roof effect and an increased geminal coupling of ~15 Hz. 
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The two methylene groups of the A ring, H3x/H3y and H4x/H4y, were expected upfield – 
these were observed at 1.94-2.0, 1.82-1.92, and 1.56-1.63 ppm, for 1H, 2H, and 1H, respectively.  
That left five proton environments remaining: two signals for the H11x/H11y methylene group, 
the two ring junction protons, H4a and H10b, and H2.  It was clear by observation that the only 
two candidates for the C11 CH2-OBn protons were the two dds at 3.67 and 3.58 ppm, with a 10.1 
Hz geminal coupling.  Therefore, the remaining three signals at 3.80-3.84, 4.00 and 4.86 accounted 
for H2, H4a and H10b. 
Detailed analysis of the COSY revealed that the H11x/H11y signals were coupled to the 
Gaussian multiplet at 3.80-3.84 ppm.  With this observation, this multiplet was clearly identified 
as H2.  H2 itself was also coupled to both the multiplet at 1.56-1.63 ppm and the right hand side 
of the multiplet at 1.82-1.92 ppm, albeit weakly.  These signals were thus assigned as H3x and 
H3y, with the latter obscured by one of the H4 protons.  The isolated H3x signal was cross-coupled 
to the multiplet at 1.94-2.0 (as well as the overlapping H3y/H4 multiplet) and was thus assigned 
as H4x.  H4y was in the left-hand side of the occluded multiplet with H3y.  At this stage the 
axial/equatorial nature of each of these protons could not be ascertained. 
The two remaining unassigned signals must be the ring junction protons H4a and H10b.  
COSY connectivity showed the isolated H4x signal was coupled to the dt at 4.00 ppm, therefore 
revealed as H4a.  In turn this signal was cross-coupled to the doublet at 4.86 ppm, suggesting 
H10b.  As the presumed H10b showed only a single reciprocal correlation back to H4a, this 
confirmed its identity, Figure 39.  With the overall connectivity thus established, and each signal 




Figure 39:  H-H COSY correlations of compound 416 
 
Detailed analysis of coupling constants showed a 4.4 Hz interaction between H10b and 
H4a, thus confirming the expected cis-ring junction.  H4a itself (dt, J = 8.1, 2 x 4.4 Hz) suggested 
a pseudo-axial orientation for this proton, Figure 40.  Unfortunately, the adjacent H4 protons 
themselves could not be assigned as axial or equatorial due to highly complex and overlapping 
signals.  However, we could assume the remaining two couplings of 4.4 and 8.1 Hz were to the 
equatorial and axial H4 environments respectively.  The modeled structure is depicted in Figure 
40, with the C2 benzylic ether side chain held in an equatorial aspect, with the tetrahydropyran 
ring adopting an apparent twist-boat.  This is to be expected as the both 2- and 6-substituents 
cannot both be equatorial simultaneously.  As mentioned, the H3/H4 protons are occluded and/or 
complex multiplets, so no further coupling data was available.  Fortunately, the overall anti-cis 






Figure 40:  3D model of compound 416 
The overall structural assignment with all key discernible couplings included is presented 
in Figure 41. 
 








3.4.5  The Synthesis of per-O-Methyl-[6,6]-pyranopyranose 423 
We now decided to extend this methodology to true carbohydrate systems.  This synthesis 
is of particular note, as it is the only example that incorporates a model sugar into the synthesis, 
and thus provides greater utility to the general methodology by extending it to other sugars, in 
addition to the previously described pyran and furan syntheses. 
In this regard, we selected D-glucal as our model.  From 417, the tethered precursor 418 
would be synthesized as in previous routes to the expected pair of regioisomeric products 
emanating from ipso- and meta-attack at the anomeric position via the intermediate oxocarbenium.  
The experiment was expected to provide only cis-substituted ring junction products, but the 
experiment would provide the definitive answer to that question, Scheme 114. 
 
 
Scheme 114:  Per-O-alkyl-[6,6]-pyranopyranose 419 from glucal 417 
 
Our investigation commenced with the per-O-methylated analogue 423.  While methyl 
ethers are not typical protecting groups, we envisioned this would simplify spectroscopic analysis 
due to the lack of occluding signals typical of more complex protection strategies. 
The synthesis started with commercially-available D-glucal 417, which was O-methylated 
by SN2 substitution with methyl iodide, providing per-O-methylglucal 420 in 73% yield.181  This 
in turn was subjected to epoxidation and methanol ring opening/addition to provide the desired 
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product 421 and the two minor regioisomeric products as described previously, after flash column 
chromatography, Scheme 115. 
 
 
Scheme 115:  Per-O-methylglucoside 421 from glucal 417  *Yield from previous work by M. Tidwell 
 
The unprotected 2-hydroxy of 421 was coupled under standard Williamson ether 
conditions with benzyl bromide 361 to provide 422 in a low yield of 44%, Scheme 115a.  In an 
attempt to increase the yield of the coupling, tetrabutylammonium iodide (TBAI) was added to the 
reaction, and this increased the yield to an acceptable 65%.  This was presumably through the SN2 
displacement of the bromide, creating the more reactive iodide, in situ, Scheme 116. 
 
 
Scheme 116:  Formation of Friedel-Crafts precursor 422 
 
With substrate 422 in hand, cyclization was investigated as before.  Treatment with BF3-
mediated oxocarbenium formation yielded both ipso- and meta-products 423 and 423a, this time 
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in a 1:1 ratio.  The crude products, after workup, were passed through directly to the 
protodesilylation reaction yielding product 423 in a total 68% yield over two steps, Scheme 117. 
 
Scheme 117:  Friedel-Crafts cyclization of precursor 422 to per-O-methyl-[6,6]-pyranopyranoside 423 
 
3.4.6 Structural Analysis of per-O-Methyl-[6,6]-pyranopyranose 423 
It was clear from TLC and initial NMR analysis that cyclization had occurred as desired.  
As in the previous examples, the 1H NMR aromatic region of final adduct 423 now showed two 
doublets for H7 and H10 at 7.49 and 7.03 ppm, with 7.7 and 6.7 Hz coupling respectively.  The 
two remaining aromatic protons, presumably H8 and H9, appeared as overlapping signals in a 
multiplet at 7.33 - 7.23 ppm.  The numbering system for per-O-methyl-[6,6]-pyranopyranose 423 
is as appears in Figure 42, below. 
 
 
Figure 42:  Numbering system of compound 423 
145 
 
 The most consistent feature of all these analogues, the pair of doublets of the methylene 
at C6 in the newly formed isochroman, was apparent in the usual range, at 4.91 and 4.78 ppm, with 
a characteristic geminal coupling constant of 15.8 Hz.  Of the remaining analyzable peaks, the 
doublet at 5.13 ppm (J = 6.1 Hz), was surmised as the newly-formed anomeric ring junction proton, 
H10b.  This appeared in the typical H1 range (carbohydrate numbering), and no other aliphatic 
proton would be expected to be a doublet.  The dd at 4.11 ppm, also had a coupling of 6.2 Hz, and 
was identified as the complementary ring junction proton, H4a.  The other coupling constant of 
8.9 Hz would be to H4, and indicates a trans relationship as expected. 
The coupling between the two ring junction protons H4a and H10b was atypically higher 
for the cis orientation than in previous examples; however, this can be attributed to a flatter chair 
conformation, and this warrants further corroboration.  Throughout the literature, two examples of 
a similar pattern were found.160, 182  In 1996, while investigating the synthesis of monosaccharide-
derived monomers for use in amylose and cyclodextrin analogues, Bürli and Vasella encountered 
undesired intramolecular C-arylation while glycosylating a 5-akynyl glucose with tributyltin TMS-
acetylene.  Along with the desired dialkynyl glucoside, Vasella also recovered the 
pyranoisochroman 336 as a side product.  The reported coupling constant of the two ring junction 
protons was 6.2 Hz, corresponding exactly with our per-O-methyl pyranoisochroman example 
423, Figure 43a.  In another literature example, also reported in 1996, Veyrières synthesized 2-(-
D-glucopyranosyl)benzoic acid via intramolecular C-arylation, more correctly termed, 
"Intramolecular Aglycon Delivery" (IAD).  Pyranoisochoman intermediate 424 exhibited a 6.1 Hz 
coupling between the ring junction protons for the 6-OAc product, Figure 43b. 
Both papers assigned stereochemistry of the intramolecular C-arylation products as shown, 
based on the orientation of the benzylic ether in the precursors.  Veyrières later converted 424 to 
146 
 
the corresponding crystalline lactone (also 6.1 Hz) and confirmed this stereochemistry by X-ray 
crystallography.  These values closely match the results of our intramolecular Friedel-Crafts study. 
 
 
Figure 43:  Comparison of ring junction 3J coupling constants of literature results vs. experimental results for 423. 
      a) Ref. 160 b) Ref. 182 c) Experimentally determined coupling for glucopyranose 423 
 
The remaining aliphatic ring protons were found in the CHX region of 3.66 - 3.34 ppm, 
and also included the methoxy peaks (s) at 3.67, 3.51, and 3.45 ppm.  The pyranose methylene 
protons on C11 and remaining methine protons, H2, H3, and H4 all appeared in overlapping 
multiplets, and it was not possible to determine their specific identities from only the 1H and 13C 




Figure 44:  1H NMR shifts and coupling constants for 423 
 
The ability to proceed in an acceptable yield of the intramolecular C-aryl glycoside 
protocol incorporating monosaccharides is encouraging, and is a natural precursor to further work 
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with other saccharide donors and protection strategies.  It would also be of interest to reinvestigate 
previously synthesized C-glycosides with respect to this change in the TMS-aryl acceptor. 
 
3.5  The Synthesis of Isochroman Dimer 437 
This methodology was similarly extended to the planar aromatic system of isochromene 
37, Figure 45.  Though this substrate actually appeared to be a very simple entry, it did provide 
some quite surprising challenges. 
 
 
Figure 45:  The synthesis of isochroman dimer 426 from isochromene 37 
 
3.5.1  Route 1 
As isochromene itself is not commercially available, it would have to be synthesized via 
reduction of isochroman-3-one 427, (available from Sigma-Aldrich for $32.70/1g), to isochroman-
3-ol 428, which would then be eliminated to provide isochromene 37.  This approach initially met 
with promising results.  Using methodology adapted from Cottet,183 lactone 427 was reduced to 
lactol 428 with DIBAL-H in toluene from –60 °C to –10 °C in 76% yield, Scheme 118a.  Such a 
simple reduction should proceed in considerably higher yield, so it was opted to use an alternative 
procedure by Kuhne,184 also using DIBAL-H, but with DCM as the solvent, and run at –78 °C to 
0 °C.  These changes increased the yield to an excellent 97%, Scheme 118b.  Now with a copious 




Scheme 118:  The synthesis of isochromene 37 from isochromanone 427 
 
The methodology of Cottet and coworkers183 was chosen for the elimination of lactol 428, 
which they performed on a large scale.  Intermediate 428 was reacted neat in the presence of 
anhydrous KHSO4 at 150 °C and lowered to 110 °C.  Unfortunately, this was met with failure 
possibly due to the scale-down; this was also possibly due to polymerization in the presence of the 
KHSO4.  The procedure calls for purification in a Kügelrohr oven, but on the small scale most, if 
not all of the isochromene 37 was not condensed into the distillation bulbs, but instead the vapor 
was pulled into the trap and vacuum pump.  This problem was partially resolved through the 
abandonment of the Kügelrohr distillation in favor of a standard vacuum distillation incorporating 
a short-path distillation apparatus.  It is important to remove the isochromene quickly from the 
reaction flask during the reduction process, as the product will polymerize with unreacted starting 
material 427, as noted by Cottet.  Unfortunately, on the small scale, the volume of the flask and 
the relatively small ratio between product and reaction mixture with respect to the large scale 
reaction, increase the difficulty in distilling the isochromene from the reaction mixture in a timely 
manner.  This leads to a lower yield through polymerization and a significant loss of product 
through adhesion to the walls of the reaction flask and distillation apparatus. 
Further modification was deemed necessary, so an attempt to increase the rate of reaction 
in an effort to minimize the time the product was in contact with the KHSO4 was undertaken.  The 
KHSO4 was ground to a fine powder in a mortar and pestle before being oven-dried for 24 hours.  
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This change resulted in an immediate and vigorous reaction, which slowed over time, but did 
afford an increase in yield to a barely workable 27%.  While this was a great improvement over 
previous iterations, it was not satisfactory, creating a sizable bottleneck in an early step in our 
route, however short it may be.  Further attempts to increase the yield were met with failure, e.g., 
changes in the amount of powdered KHSO4 used in the biphasic reaction.  Therefore, this approach 
was abandoned to find a higher yielding pathway to isochromene 37. 
 
3.5.2  Route 2 
An alternative route was developed that would hinge upon a metal catalyzed 
cycloisomerization of alkynylbenzyl alchohol 429.  This, in turn, required o-iodobenzyl alcohol 
430, Scheme 119. 
 
 
Scheme 119: Retrosynthetic route to isochromene 37 from o-iodobenzyl alcohol 430 
 
Starting from benzyl alcohol 431 the diene synthesis of o-iodobenzyl alcohol was 
attempted.  Unfortunately, this procedure did not produce any discernible product,185 so the 
reaction was quickly abandoned in favor of starting the reaction from commercially available 430, 
Scheme 120. 
 
Scheme 120:  The attempted synthesis of o-iodobenzyl alcohol 430 
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Starting with o-iodobenzyl alcohol 430, the Sonogashira reaction with TMS-acetylene was 
investigated. The initial reaction conditions from the work of Larock186 failed to produce any 
product, Scheme 121a.  The failure of the Larock procedure was most likely due to operator error 
in the proper handling of the palladium catalyst or quality of the PdCl2(PPh3)2, itself.  Having many 
options, the Larock procedure was quickly abandoned in favor of an alternative procedure by 
Kabalka using Pd(PPh3)4,187 Scheme 121b, where intermediate 433 was obtained crude in near 
quantitative yield, followed by desilylation with KF.  Unfortunately, due to difficulties in 
recrystallization from boiling n-hexanes, the recrystallized yield for step 2 dropped to 46%.  
Multiple recrystallizations were required to remove colored byproducts, which hindered recovery 
of the white, needle-like product crystals of 429. 
 
 
Scheme 121:  The synthesis of o-alkynlbenzyl alcohol 429 
 
Isochromene 37 was synthesized from 429 using CpRuCl(PPh3)2 according to the 
procedure developed in the lab of Saá, with a yield of 43%.188  It was difficult to precisely 
determine the percent yield, as the product 37 was volatile and thus prone to loss.  Therefore, it 
was decided to leave an undetermined, but small quantity of solvent in the purified product, and 
pass that along to the next step. 
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As usual, isochromene 37 was oxidized to 434 via an mCPBA epoxidation and in situ ring 
opening/addition by the solvent, methanol.  However, since there is no ring substitution on 37, and 
the molecule is essentially planar due to aromaticity and conjugation, this procedure was less 
stereoselective than prior examples. This resulted in a crude mixture of trans/cis hydroxyacetals 




Scheme 122:  The synthesis of hydroxyisochroman methylacetal 435 
 
Following standard group procedure, isochroman hydroxyacetal 435 was coupled to 361 
with NaH in THF to provide 436 in an acceptable yield of 60%.  However, this yield could be 
improved to quantitative through the addition of TBAI, forming the more reactive iodide, and by 
using three equivalents of sodium hydride.  Performing the standard Friedel-Crafts protocol upon 
precursor 436 afforded an initial mix of ipso/meta products 437 and 437a of 1:5 ratio.  





Scheme 123:  Completion of isochroman dimer 437 from hydroxyisochroman methylacetal 435 
 
3.5.2.1 Structural Topology of Hydroxyacetal 435 and 435a 
 TLC of the reaction mixture showed two new spots with lower Rf s (0.58 and 0.47 in 2:3 
ethyl acetate/hexanes).  1H NMR showed these to be clearly distinct from the original starting 
material.  In each spectrum, OMe and OH groups were now clearly present in 435 and 435a, and 
the two alkene signals (5.00 and 4.54 ppm) of isochromene were no longer present. 
 The higher spot on the TLC showed three signals in the aromatic region, two doublets (1H 
each), and two overlapping triplets (1H each), for the expected 4H.  Four signals appeared in the 
CH-X region, a downfield doublet at 4.93 ppm, presumed to be the anomeric proton, with a 
coupling of 3.8 Hz, an ABq (J = 15.0-15.4, 2H), a very broad singlet (1H), presumed to be the 
hydroxyl proton, and a signal almost completely obscured by the upfield doublet of the ABq, (most 
certainly a doublet and the H3 proton).  The final signal to appear was the OMe protons as a singlet 
at 3.53 ppm (3H).  This hydroxyacetal was also the “minor” product by yield.  13C, including 
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DEPT, showed six signals in the aromatic region, the characteristic presence of an anomeric 
methine (98.5), and three signals (50-70 ppm) for the remaining carbons of the pyran ring. 
 The lower TLC spot, corresponding to the “major” hydroxyacetal, showed three signals in 
the aromatic region, two doublets (1H each), and two overlapping triplets (1H each), for the 
expected 4H.  Three signals appeared in the CH-X region, a downfield doublet at 4.79 ppm, 
presumed to be the anomeric proton, with a coupling of 2.7 Hz, overlapping with the downfield 
doublet of the ABq, an ABq (J = 15.0-15.4, 2H), and a doublet (J = 2.7 Hz, 1H).  The final signal 
to appear was the OMe protons as a singlet at 3.48 ppm (3H). 
 Through the analysis of the coupling constants of the anomeric protons of 435 and 435a, 
the topology of the two hydroxyacetals could be confirmed.  The “major” product showed an 
anomeric coupling of 2.7 Hz, indicative of a pseudo-equatorial/pseudo-equatorial relationship 
between the anomeric proton and H3.  Through molecular modelling this coupling was only 
possible if the methoxy was  and trans with respect to the 3-hydroxyl, Figure 46a.  Similar 
treatment of the “minor” product 435a led to the conclusion that the compound arose from syn-
addition of the nucleophile, methanol, to the epoxide through an SN1-like mechanism.  The key 
anomeric coupling of 3.8 Hz clearly showed a pseudo-axial/pseudo-equatorial relationship of the 
H2 and H3 protons, also suggesting an orientation closer to an eclipsed position than in the “major” 
product, Figure 46b. 
It is thought that isochromene oxide is more prone to ring opening than previous examples 
due to benzylic stabilization of the formed carbocation.  This carbocation formation may be sizable 
considering the overall 3:1 ratio of major/minor product formation, since MM2 calculations show 
a 0.1746 kcal/mol greater stability of the “major” to “minor” product.  Thus, it would be expected 
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that the SN1 pathway would lead to a small, but significant preference for the formation of the 
“major” product.  Further experimentation would be necessary to quantify the actual magnitude. 
 
Figure 46:  Key coupling in isochromene hydroxyacetal 435 and 435a 
 
Unfortunately, NMR analysis of final adduct 437 was complicated by the C2 axial 
symmetry of this molecule.  This resulted in highly simplified proton NMR data that prevented 
stereoassignment.  We thus turned our attention to comparison of 437 with its silylated 
intermediate 437a. 
 
3.6 Structural Ambiguity of Isochroman Dimer 437 Due to C2 Axial Symmetry 
Initial TLC analysis of the two-step reaction showed a new product with lower Rf.  1H 
NMR showed this to be clearly distinct from the original starting material.  The methoxy and TMS 
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groups were now absent suggesting ipso-attack product 437, and the requisite aromatic signals 
(8H) were apparent in 437.  The CH-X region showed two signals, corresponding to 6H total.  
These included a singlet, integral 2H, presumably for the ring junction protons, and another singlet 
(4H) tentatively assigned to the four protons of the two CH2 groups.  These benzylic methylenes 
were expected to be in diastereotopic environments, therefore this observation came as a surprise, 
and revealed all four to be magnetically-equivalent.  In addition, the presumed CH2 signals came 
further downfield than the CH signals, a reverse of the usual expectation.  13C, including APT, 
showed the characteristic absence of the former anomeric methine (expected at 110), replaced by 
a CH signal at 71.1.  A distinct methylene group appeared at 4.99 ppm (s, 4H), and no methyl 
groups (i.e., –OMe, TMS) were apparent.  Finally, mass spectrometry yielded a parent mass ion 
of [M+Na]+, 261.0994 amus for 437.  The numbering system for isochromene dimer 437 is given, 
below, in Figure 47. 
 
Figure 47:  Numbering system for isochromene dimer 437 
 
Expected pseudosymmetrical product 437, which possesses a vertical C2 axis of rotation, 
produced an atypical and unexpected 1H NMR spectrum in deuterochloroform, Figure 48.  
Somewhat unexpectedly, the two diastereotopic Hs of the two methylene groups appeared as a 
singlet, integral 4H, due to high symmetry and low anisotropic effects, downfield of the singlet 
containing the two ring junction protons.  This was surprising as we expected the protons on each 
methylene group would be diastereotopic, and upfield of the ring junction methine protons. 
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These observations were supported by the signals present in the 13C NMR.  In the aromatic 
region, there were only six signals; the two most downfield were short (quaternary carbons), and 
the other four upfield signals were methines, as evidenced by the DEPT spectrum.  The two 
remaining signals were found in the CH-X region, and corresponded to the two benzylic 
methylenes and the other, to the two ring junction protons.  DEPT showed that the two methine 
ring junction protons appeared as one signal at 71.1 ppm, and curiously, all four methylene protons 
were downfield of the methines at 68.4 ppm.  This observation required further confirmation. 
 
Figure 48:  1H NMR spectrum of isochroman dimer 437 in CDCl3 
 
A proton NMR spectrum of 437 was then acquired in benzene-d6, hoping that the 
methylene and methine signals would separate, providing further insight into the absolute identity 
of each signal, Figure 49, below.  In this solvent, there was indeed separation of the two 
diastereotopic methylene signals and the appearance of a large geminal coupling constant (14.8 
ppm).  Unfortunately, once again, both CH-ring proton methines appeared slightly upfield as a 
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singlet, 2H, and again, the benzylic methylenes surprisingly appeared further downfield of the ring 
junction methines.  However, the stereochemistry of the ring junction could not be definitively 
confirmed due to the methine protons still being magnetically equivalent.  Thus, without an 
observable coupling value, it could not be proved the ring junction was, in fact, cis, and a different 
approach proved necessary. 
 
Figure 49:  1H NMR spectrum of isochroman dimer 437 in C6D6 
In the meta-attack product 437a, the 1H NMR showed the loss of the -OMe group and the 
retained three methyl groups of the upfield TMS group.  The spectrum presented three signals in 
the aromatic region, two multiplets (3H each) and an upfield dd (1H), for a total of 7H aromatic 
protons, as expected.  The CH-X region now showed an ABq, presumably the diastereotopic CH2 
proximal to the o-substituted benzene ring, partially overlapping with the signal of the other 
methylene group (s, 2H).  Unfortunately, there was still no observable splitting of the ring junction 




Figure 50:  1H NMR of 437a in CDCl3 with inset expansion 
It was hoped that the promising NMR of 437a in CDCl3 would be further enhanced to 
reveal the elusive ring junction coupling in C6D6.  This 1H NMR showed the loss of the anomeric 
methoxy group, while retaining the large singlet (9H) at 0.31 ppm.  Meta-product 437a showed 
seven aromatic signals, and the CH-X region showed three signals, corresponding to 6H total.  
These included two ABq, integral 2H each, for the now diastereotopic methylene groups, and a 
singlet (2H) corresponding to the two magnetically-equivalent protons of the ring junction protons.  
The only methyl groups (i.e., OMe, TMS) apparent in 437a were the very upfield signal for the 




Fortunately, 437a, due to the presence of the aromatic TMS functionality, lacked 
pseudosymmetry, as the vertical C2 axis of rotation of 437 was no longer present.  After initial 
Friedel-Crafts reaction, the meta product could be separated by column chromatography, and 
analyzed as follows:  This disruption of symmetry resolved the 4H singlet of 437 into two pairs of 
AB quartets, corresponding to the now diastereotopic CH2 protons (C6D6), Figure 51.  HETCOR 
confirmed the pairing of these doublets:  The two most downfield comprised one CH2, and the two 
upfield doublets were the protons of the other methylene.  Unfortunately, once again, both CH-
ring junction methines appeared slightly upfield as a singlet, 2H.  Nonetheless, HETCOR revealed 
that two distinct carbons were coupled to this signal, confirming its identity as the combined ring 
junction protons.  However, inability of the aryl-TMS group to disrupt the magnetic environment 
felt by the ring junction protons clearly precluded the ability to determine their spatial orientation. 
 
 
Figure 51:  Expansion of CHX region of 437a in C6D6 
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It was decided that the symmetry would have to be disrupted closer to the ring junction 
protons, through oxidation of one methylene group.  This benzylic oxidation was carried out using 
PCC ground with Celite in benzene at reflux employing only one equivalent, based on 
methodology developed by Chandrasekaran.189  Although, while a certain degree of the bis-
oxidized product formed, there was a sufficient quantity of the desired ether-lactone 438 to allow 
characterization, Scheme 124. 
 
 
Scheme 124:  The oxidation of isochroman dimer 237 to mono-lactone 238 
 
In the proton NMR spectrum of 436, the aromatic region now became necessarily more 
complex due to the loss of pseudosymmetry, showing five signals, 8H total (two doublets, 1H 
each), a td (1H), and two multiplets (2H and 3H).  The CH-X region now showed three distinct 
signals, two doublets (1H each) and a singlet (2H).  The two methines were now resolved into two 
discrete multiplets with the proton adjacent to the newly formed lactone presumably downfield of 
the ethereal methine signal as expected.  As a result, it was now possible to determine the ring 
geometry, since there was a small but measurable coupling constant of 1.5-1.7 Hz.  This small 
coupling constant is indicative of a cis-ring junction, Figure 52.  However, once again, in CDCl3 











3.7 Analysis of ipso- to para-Substitution in the Friedel-Crafts Cyclizations 
In addition to the earlier unsubstituted pyranyl and furanyl systems, substituted compounds 
405 through 437 were also synthesized further demonstrated the efficacy of this methodology 
shown in the preceding sections.  A comparison of the series of results is now necessary.  As can 
be seen in Table 6, clearly the ipso:meta ratio changes (even reverses) throughout this series.  One 
overall trend evidenced is additional substitution disfavors the ipso pathway.  It seems likely this 
is a steric effect to some degree.  For example, whereas simple dihydrofuran congener 397/397a 
results in 2.6:1 ipso:meta, 5-phenyldihydrofuran 406/406a is reversed as 1:2.  This is also observed 
in the dihydropyran series (3.2:1 compared with benzyloxy substrate 1: 3.7).  While it might not 
be completely valid to compare dihydrofuran with dihydropyran, the electronic nature of the 
intermediate oxocarbenium ion probably plays an important role.  In the case of glucose analogue 
423/423a (ipso:meta 1:1), the complex and unpredictable nature of carbohydrate-related 
stereoelectronics is certainly a factor, while in the isochromene example 437/437a, the selectivity 
is profoundly reversed (ipso:meta 1:5), from that of the initial model fused-isochroman products.  




Table 6:  Product ratio and yields of intramolecular C-aryl glycosidation of O-methyl glycosides 
 
 
3.8 Ongoing studies — Attempted Tandem Double C-arylation 
One additional synthesis was initiated, but still remains to be resolved.  It was designed in 
a manner analogous to the previously shown successful examples, but in this case two tandem 
glycosidations were invoked.  This of course would lead to an increase in the number of possible 
products, and thus proves worthy of investigation. 
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For the purpose of this study, we initially selected compound 440, a furan-based diacetal.  
This was synthesized from starting material 439 using osmium tetroxide and NMNO to regenerate 
the catalyst, but it proceeded in poor 7% yield, Scheme 125a.  Cold potassium permanganate was 
next chosen as the oxidizing agent, providing the desired cis-dihydroxyacetal 440 in 79% yield, 
Scheme 125b.190  Since the methoxy groups in the 2- and 5-position of 439 could be either anti or 
syn, and there are otherwise two chiral centers, this leads to a possibility of three distinct isomers 
of 440 in total.  This is of little consequence, as cyclization will simplify to a single stereoisomer. 
 
Scheme 125:  Dihydroxylation of 2,5-dimethoxy-2,5-dihydrofuran 439 
The mix of vicinal diols 440 was subjected to the standard Williamson ether synthesis 
procedure, and a corresponding mixture of products in 441 was returned.  The overall yield was 
only 33%, but all product fractions were collected and passed along to the next reaction as a 
mixture, since the stereochemistry on the methoxy carbons would be lost when the oxocarbenium 
cations were formed, Scheme 126. 
 
Scheme 126:  Formation of tandem Friedel-Crafts cyclization precursor 441 
When 441 was subjected to cyclization conditions with BF3.OEt2, the reaction mixture 
showed several spots appearing above the starting material spot in two groupings.  This was 
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verified by a TLC of the column fractions.  The high number of spots may have arisen from 
incomplete cyclization and the propensity of the cyclizations to yield a mixture of ipso- and meta-
substituted products.  Even with complete cyclization, this would possibly lead to three separate 
products, Scheme 127, and the reaction mixture would be further complicated by the addition of 
two more products arising from mono-cyclization (mono-ipso and meta addition).  This is roughly 
the number of products found by TLC after column chromatography.  However, at this point, the 
project was shelved, and this finding still requires conformation. 
 
Scheme 127:  Attempted tandem Friedel-Crafts cyclization of precursor 441 
 
In summary we developed a two-step protocol to provide access to substituted furyl, 
pyranyl, and potentially oxepinyl isochromans via Friedel-Crafts alkylation.  Furthermore, we 





Oxazolone in Intramolecular Diels-Alder Cycloadditions 
 
4.0  2-(3H)-Oxazolone in Intramolecular Diels-Alder Cycloadditions 
4.1  2-(3H)-Oxazolone:  An Overview 
Oxazolones are mono-unsaturated, five-membered heterocycle containing a carbonyl and 
a 1,3-nitrogen and oxygen within the ring.  It exists as five structural isomers, varying in the 
relative position of the carbonyl group, the two heteroatoms, and the olefin, Figure 53.  The focus 
of this work is upon 2-(3H)-oxazolone 28 (hereafter, oxazolone), as the properties of the remaining 
four isomers are many and varied, and fall outside the scope of this document. 
 
Figure 53:  Structural isomers of oxazolone 
 
The first 2-(3H)-oxazolone was discovered in 1905 by Maselli when he synthesized 3,5-
diphenyl-oxazol-2-(3H)-one 447 from ethyl (2-oxo-2-phenylethyl)(phenyl)carbamate 448 via 
intramolecular cyclization of its enolate,191, 192 Scheme 128. 
 
Scheme 128:  First synthesis of a 2-(3H)-oxazolone compound 
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The first example of methodology giving access to 4,5-unsubstituted 2-oxazolone 28 was 
carried out in 1976 by Hartmann and coworkers from N-acetyl-2-oxazolidinone 449.193, 194  N-
acetyl-2-oxazolidinone 449 was photochemically chlorinated using a Philips high-pressure 
mercury lamp (125 W), yielding a mixture of the 4- and 5-chloro-substituted N-acyloxazilid-2-
one.  The N-acetylchlorooxazolid-2-ones 450 and 451 were subsequently dehydrohalogenated 
through the elimination of HCl under heating at 150 °C to yield N-acetyl-2-oxazolone 452.  Upon 
reflux in anhydrous methanol, 452 was deacetylated, yielding the desired oxazolone 28, Scheme 
129.  This reaction route was performed on a large scale (100+ g). 
 
 
Scheme 129:  Hartmann's synthesis of 2-oxazolone from N-acetyl-2-oxazolone 
 
Wang's approach to the synthesis of N-alkyl- and N-acetyloxazol-2-ones proceeded 
through anodic oxidation to the corresponding N-substituted 4-methoxyoxazolidinones 454 in the 
presence of tetraethylammonium tosylate using carbon electrodes.195  Simple vacuum distillation 
yielded the alkyl oxazolones 455.  The synthesis of N-acetyloxazolone 452 commenced from 
oxazolid-2-one 453 (R = H) to 4-methoxyoxazolid-2-one 456 electrochemically, which was then 






Scheme 130:  Wang's synthesis of N-substituted 2-oxazolones from 2-oxazolidinones 
 
Also using anodic oxidation, albeit with an elaborate electrochemical flow apparatus, 
Anteunis and coworkers synthesized oxazolone 28 using similar methodology to Wang's 
procedure.196  Oxazolidinone 457 was electrochemically oxidized to 4-methoxy-2-oxazolidinone 
456 in 74% yield, and instead of performing N-acetylation and methanolysis of 456 
simultaneously, as in Wang's synthesis, above, 456 was converted to oxazolone 28 using acetic 
acid and acetic anhydride, Scheme 131. 
 
 
Scheme 131:  Anteunis' synthesis of 2-oxazolone from 2-oxazolidinone 
 
Unsatisfied with the previously described methodology for various reasons, ranging from 
difficulty in scale-down, inconsistent results, to hazard of reagents, Smith and group at the 
University of Connecticut developed novel methodology using sulfuryl chloride instead of 
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chlorine gas as a dichlorination source.197  Although Smith managed to achieve a 54% yield from 
N-acetyloxazolidinone 449 to N-acetyloxazolone 452 over two steps via vicinal dichloride 458, he 
was unable to deprotect the nitrogen of the oxazolone carbamate.  This was due to the presence of 
residual acetic acid, which precluded the utilization of an aqueous sodium bicarbonate wash due 
to the high solubility of oxazolone in water.  This failure, thereby, limits his methodology to the 
synthesis of N-acetyloxazolone 452, Scheme 132.  As will be seen later, it may be possible to use 
this procedure to synthesize oxazolone, as it is possible to remove acetic acid from 452 through 
rotary evaporation, but a superior method is through azeotropic removal of the acetic acid with n-
hexanes, then recrystallization from ethyl acetate and diethyl ether. 
 
 
Scheme 132:  Smith's synthesis of N-acetyl-2-oxazolone from N-acetyl-2-oxazolidinone 
 
4.2 Survey of Oxazolone Reactivity 
Oxazolone undergoes numerous transformations, ranging from simple alkylations to a 
variety of cycloadditions, Figure 54.  For a more in-depth discussion of oxazolone reactivity, see 









Given the low pKa of oxazolone (15.0), direct deprotonation of the NH would seem to 
offer a direct route to further N-functionalization.  However, due to the aromatic character and 
resonance structure of oxazolone 28, there is a competition between N-alkylation and O-alkylation, 
and a lowered reactivity overall.  Through the use of polar aprotic solvents the ability of the 
resonance hybrid of resonance structure 459b to react at the oxygen anion can be lowered, for 
reasons that are unclear, Figure 55. 
 
Figure 55:  Resonance structures of oxazolone 
 
Hibino illustrated a striking example of the efficacy of the NaH/DMF system for the 
promotion of N-alkylation, where SEM-Cl underwent SN2 substitution by the oxazolone nitrogen 
of 28 to form 460 in a quantitative yield.198  While this is an atypically high yield, it is an excellent 
example of the utility of oxazolone with respect to N-alkylation, Scheme 133. 
 
 
Scheme 133:  SEM-Cl N-alkylation of 2-oxazolone 
 
More recently, during the synthesis of N-substituted oxazolones en route to pentacyclic 
structures envisioned for use in biological studies, Nicolaou, He, and Lan developed this standard 
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method of N-alkylation with simple alkanes.199 One representative example is the SN2 
displacement of the bromide of n-propyl bromide 461 by oxazolone 28 in DMF, affording 
substituted oxazolone 462 in 91% yield, Scheme 134a.  Several more complicated examples were 
not amenable to direct nucleophilic substitution, and so the N-substituent was added to the 
appropriate isocyanate before cyclization to the substituted oxazolone, Scheme 134b. 
 
 
Scheme 134:  N-alkylation by Nicolaou and coworkers 
 
4.2.2 N-Arylation 
Nicolaou and coworkers also used the substituted isocyanate methodology presented in 
Scheme 133b in Section 4.2.1, above, in the case of para- and meta-substituted aryl moieties to 
yield the desired N-arylated oxazolones, Scheme 135a.  Aside from the substituted isocyanate 
method of creating N-aryl oxazolones through incorporation before oxazolone formation, 
Nicolaou and coworkers also utilized methodology where CuI-mediated coupling was 
accomplished using phenylboronic acid 466 and oxazolone 28 in methanol for a yield of 85%,199 
Scheme 135b.  This method was also successfully used to synthesize several p-substituted N-
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phenyloxazolones, and o-dimethylphenyloxazolone in yields comparable to that produced in 
Scheme 135a, although the scope was not as varied.199 
 
Scheme 135:  N-arylation by Nicolaou and coworkers 
 
4.2.3 N-Acylation 
A facile N-acylation can be achieved using the weak non-nucleophilic base, triethylamine, 
and the use of an acid chloride in high yield, as exemplified by Smith in Scheme 136.11  The o-
1,3-butadienylbenzoyl chloride 468 efficiently coupled to the nucleophilic oxazolone 28 in 88% 
yield.11  Triene 469 was delivered as a 2:1 E/Z mixture, but spontaneously converted solely to the 
E-isomer upon standing at rt for 48 hours.  Smith notes that the process could be accelerated by 
heating the isomeric mixture in a chloroform solution. 
 
 
Scheme 136:  o-1,3-butadienylbonzoyl chloride addition to 2-oxazolone 
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Another popular method used to N-acylate oxazolone 27 is to use diphenyl-2-oxo-3-
oxazolidinylphosphonate (DPPOx) 470.  This promotes coupling by forming a DPPOx/acid adduct 
to facilitate SNAc substitution by in situ acid activation.200-202  The substitution reaction can be 
effectuated by either allowing attack of the electrophile by the native carbamate nitrogen, and 
subsequently scavenging the proton with NEt3, or by initially deprotonating the oxazolone NH 
with a strong, base, n-BuLi in this case, before the addition of DPPOx, Scheme 137.  The former 
method can be used with simple or unhindered carboxylic acid reactants, and the latter method is 
more suited to more sterically-hindered acids, which require a more "aggressive" nucleophile. 
 
 
Scheme 137:  DPPOx-assisted coupling of carboxylic acids to nitrogen of 2-oxazolone 
 
4.2.4 O-Alkylation 
Examples of O-alkylation are less frequent, and those that appear in the literature often are 
undesired side reactions.  The paucity of examples may be due the lack of a driving force in the 
form of suitable synthetic targets that require regioselective oxazolone O-alkylation protocols.  In 
the course of studying leukotriene B4 inhibitors, Penning and coworkers synthesized an O-
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alkylated oxazole example.203  After synthesizing 5-benzyl-2-oxazolone 471, it was coupled with 
pyrrolidine 472 using potassium carbonate in DMF to supply the O-alkylated product 473 in 43%, 
Scheme 138. 
 
Scheme 138:  Penning's O-alkylation of 5-benzyl-2-oxazolone 
 
The reaction of 6-bromooxazolopyridinone 474 with benzyl bromide provides O-
benzylated product 475, as a side product in only 38%, while the N-benzylation compound 476 
was the major product, formed in 53%.204  As this reaction was not optimized for O-benzylation, 
it may be possible that the latter pathway could be minimized to provide a higher ratio in favor of 
this product, Scheme 139. 
 
Scheme 139:  N- and O-benzylation of 6-bromooxazolopyridinone 
 
4.2.5 O-Acylation 
Just as in the case of O-alkylation of oxazolone, there are few examples of O-acylation 
found within the literature, presumably for similar reasons, vide supra.  In 1960, Zimmer and 
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coworkers, while attempting to N-acylate 477, recovered two products; the expected N,N-diacetyl 
product 479 in 24% yield as the minor product, and the O-acylated, unanticipated major product 
478 with a 56% yield, Scheme 140.205 
 
 
Scheme 140:  N- and O-acylation of 4-aminobenzoxazolone 
 
These latter two examples, Scheme 139 and 140, feature fused aromatic oxazolones.  
Therefore, these results may reflect the higher initial acidity (pKa = 12.1 for benzoxazolone), 
and/or potential aromaticity of the intermediate conjugate base involved. 
 
4.2.6 Electrophilic Addition 
The 4,5-olefin of oxazolone can undergo electrophilic addition with a variety of reactants.  
For example, oxazolone addition to an electrophilic halogen forms a halonium cation.  This cation 
is then attacked by methanol, resulting in halo ethers anti-addition, Scheme 141.  Subsequent 
additional SN2 displacements could then further modify these methoxyhalides by affording a route 
to more complicated substituted oxazolidinone derivatives.  In Scheme 141a, Kunieda used this 
procedure to produce chiral synthons of amino aldehydes and acids.  This method is regioselective 
and proceeds only by anti-addition, suggesting that the mechanism progresses exclusively through 
bromonium ion formation, followed by backside attack, forming a racemic mixture, which was 
optically resolved in a later step.206 
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In Scheme 141b, Kunieda illustrated that bromination of a chiral N-acyloxazolone 481 in 
trimethylorthoformate proceeds in near complete stereo- and regioselectivity to the 4S, 5R 
diastereomer 482 almost exclusively in a 46:1 ratio with a 79% overall yield.207  In comparison, 
the equivalent methoxyphenylselenide reaction proceeded in opposite diastereoselectivity, with 
comparable preference for the 4S, 5R isomer 484 in a ratio of 45:1 and 82% yield, Scheme 141c.207  
Kunieda noted this observation but noted no explanation. 
 
 




4.2.7 Radical Addition 
Kunieda continued his work with chiral oxazolone–apocamphonic acid derivatives (see 
Section 4.2.6, above), by utilizing them in diastereoselective radical ring closure methodology to 
produce 12-membered macrolides.  The creation of these macrocycles was necessary to synthesize 
entirely diastereoselectively-produced analogues of the unnatural amino acid, statine.208  In 
reaction 142a, the chiral apocamphane tether brings the trichloro-O-acetyl moiety in proximity to 
the oxazolone double bond, where the addition can only occur from one face due to the topology 
of 486, creating macrocycle 487 in 93% yield as a single diastereomer, Scheme 142a.  Several 
transformations later, enantio-pure statine derivative 488 was delivered.  Expanding upon this 
approach, Kunieda applied his radical macrocycle methodology towards the synthesis of (2S, 3R, 
4R, 6E)-3-hydroxy-4-methyl-2-(methylamino)-6-octenoic acid (MeBmt) 491, a key component of 
cyclosporin.200  The methodology and macrocycle precursor are essentially the same, except 489 
contains a 2-butenyl substituent in lieu of the third chloride as appears in 486.  The radical 
addition/cyclization, in this case, is not entirely diastereoselective as in the previous example, but 
produces the " linkage" to the oxazolone in a  ratio of 1:3.4 in 490.  Kunieda reasoned that 
the high selectivity was due to the attack of the reductant primarily from the less bulky side 
(presumably the side opposite of the apocamphane dimethyl bridge).200  Several highly-




Scheme 142:  Kunieda's radical-induced macrocyclic ring closure towards unnatural amino acids 
 
In 1996, Shibuya and coworkers reported on the synthesis of pyrrolooxazolidinones from 
1° and 2° alkyl bromide N-substituted 2-oxazolones via intramolecular radical addition.209  For 
primary radicals, the reactions proceed with near complete regioselectivity to the 7aR diastereomer 
494.  This stereocontrol asserts itself from an unfavorable steric interaction between the oxazolone 
carbonyl and the methyl adjacent to the nitrogen of 493, allowing only for the formation of 494, 
Figure 56a.  For the secondary halide, the transition states both adopt the same overall 
conformation, and the two diastereomeric products arise from rotation of the distal methyl group 




Figure 56:  Stereochemical control of pyrrolooxazolidinone products in radical addition.a) 1° halides yield the (5S,  
       7aR) diastereomer due an to unfavorable steric interation in the (5S, 7aS) intermediate. b) 2° halides  
       adopt the same conformation, where the two diastereomers arise from rotation of the terminal methyl  
       group around the carbon radical. 
 
Two further examples of the radical reaction of primary N-bromoalkyloxazolones are 
shown in Scheme 143a (as depicted in Figure 56a, above) and 142b.209  Both lead to the same 
analogous diastereomer in greater than 98% d.e., and very similar yields, 72% and 69%, 





Scheme 143:  Intramolecular radical addition to N-substituted 2-oxazolones 
 
4.2.8 [2+2] Cycloaddition 
There are numerous examples of oxazolone in [2+2] photochemically-induced 
cycloadditions in the literature, and several examples are shown below.12, 194, 210  In Scheme 144a, 
b, and c, the effects of increased substitution on ethylene are shown.  Although all reactions were 
run at –60 °C, increasing substitution resulted in increased reaction time, as expected.  For the 
addition of ethylene to N-acetyloxazolone 452, reaction 144a proceeds to a respectable total yield 
of 88% of 500 in 40 hours.  However, in Scheme 144b the yield drops to 72% overall when 
substitution is increased to propene with a concomitant increase in reaction time by 10 hours.  In 
addition, two regioisomers 501/502 and four stereocenters are produced.  As substitution of the 
olefin is extended to four methyl groups, 1,2-dimethylbut-2-ene, the yield drops to 42% of 503.  
The reaction of allene with 452 proceeds in a moderate 60% total yield of 504/505, but is of 





Scheme 144:  [2+2] cycloadditions of N-acetyloxazol-2-one 
 
As has been previously shown, [2+2] photochemical addition proceeds with decreasing 
yields on ethylene as substitution increases.  Reaction 145a and 145b are examples of [2+2] 
addition of maleic anhydride 506 and 3,4-dimethylmaleic anhydride 508 to N-acetyloxazolone.  
These two examples appear to reverse the trend found in Scheme 144, but presumably, this is a 
matter of the steric hindrance of dimethyl analogue 508 lowering the occurrence of dimerization 
with itself in relation to the unsubstituted maleic anhydride.  Reaction 145a proceeds to tricycle 




Scheme 145:  [2+2] cycloadditions of maleic anhydrides to N-acetyloxazol-2-one 
4.2.9 [3+2] Dipolar Addition 
Dipolar additions involving oxazolone as dipolarophiles are an understudied reaction.  To 
date, there has only been one study of the reactivity of oxazolone with dipolar reactants.  Kunieda 
and coworkers examined the reaction of substituted nitrones in [3+2] dipolar addition using 
oxazolone as the dipolarophile.211  The reaction of 511 with N-acetyloxazolone 452 proceeded 
with a 98% overall yield, and strongly favored diastereomer 512a, Scheme 146. 
 
Scheme 146:  [3+2] dipolar addition to N-acetyloxazol-2-one 
 
This preference is due to steric interactions overriding the endo- approach of 511 in favor 
of the exo-approach in 512a, where the secondary orbital overlap of the two carbonyls found on 
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452, while avoiding the steric repulsion inherent in the interaction with the benzyl group, Figure 
57.  In comparison, the product 512b, formed from the endo-approach of 511 to N-acetyloxazolone 
results in minimal reaction with the ratio of 512a to 512b being 17:1, due to the stated reasons, 
above.  Diastereomer 512c, also, shows a slight preference for the exo-addition in a 2:1 ratio, with 
respect to 512d. 
 
 
Figure 57: Favored exo-approach of dipolarophile to N-acetyloxazolone in structures 512a-d 
 
4.2.10 Intermolecular [4+2] Cycloaddition 
The Diels-Alder reaction has long been a versatile and well-studied tool for organic 
synthesis and has been used to synthesize many and varied ring structures.  One drawback of the 
intermolecular version of Diels-Alder reactions is that as unsymmetrical substitution appears on 
both the diene and dienophile, the problem of regioselectivity arises.  An additional complication 
results from the actual mode of cycloaddition (endo/exo) leading to further diastereomers. 
Oxazolone 28 is quite amenable to certain intermolecular Diels-Alder reactions, as 
illustrated in Scheme 147.12  In the least complicated example, oxazolone 28 failed to react with 
1,3-butadiene, whereas N-acyloxazolone 452 produced 514 in 72% yield, Scheme 147a.  In 
contrast, when 28 was reacted with tetrachlorocyclopentadienone dimethyl acetal 515, bicycle 516 
was formed in 87% yield, Scheme 147b.  Finally, Scheme 147d is an interesting example of a 
Diels-Alder cycloaddition followed by a retro Diels-Alder reaction.  Oxazolone 28 was reacted 
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with tetrazole 517 at rt, and N2 was extruded through the reverse reaction, yielding 518 in an 
impressive 95% yield. 
On the whole, it appears oxazolones tend to react with electron-deficient or otherwise 
highly reactive dienes.  Therefore, it is tempting to assume oxazolone is an electron-rich dienophile 
reacting in inverse demand pathways. 
 
 
Scheme 147:  Intermolecular Diels-Alder reactions with oxazolone. 
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4.2.11 Intramolecular [4+2] Cycloaddition 
Intramolecular Diels-Alder cycloadditions212 are an important and often utilized reaction 
in the total synthesis of natural products.213-216  A notoriously difficult total synthesis target, 
vinigrol, which has eight contiguous chiral centers, eluded synthesis for twenty years since its 
discovery.217  In 2009, Baran completed the first total synthesis, which incorporated an IMDA 
cycloaddition,218, 219 and the first enantioselective formal synthesis of the vinigrol core, utilizing a 
domino enyne/IMDA reaction, was completed by Kaliappan and coworkers in 2014.217 
This tour de force demonstration of IMDA in natural product synthesis is a fine case in 
point.  From precursor 519, Kaliappan employed an enyne ring closure metathesis forming hexene 
with a pendant acryloyl group this composed the dienophile of intermediate 520 for use in the 
upcoming IMDA cyclization.  In the same pot, the temperature was raised, and SnCl4 was added 
to facilitate the formation of the desired tricyclic product 521.  This one pot domino enyne/IMDA 
reaction produced vinigrol core precursor 521 in 73% yield in a 4:1 ratio with side product 522, 
which arises from a second RCM.  Two further steps complete the enantioselective formal 
synthesis of the (–)-vinigrol core 523.  This single example illustrates the awesome potential for 
the intramolecular Diels-Alder reaction for natural product synthesis, Scheme 148. 
 
Scheme 148: Domino enyne/IMDA reaction 
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For some years now, our group has investigated the utility of IMDA reactions involving 
oxazolone and variable length terminal conjugated dienes, tethered via nitrogen, either alkylated 
(X = H2) or acylated (X = O), Figure 58. 
 
 
Figure 58:  Variable tether length (n = 5, 6, and 7) to induce variety in A ring size 
 
This concept was established with help of an early model study in 2002.13  Simple N-
alkylated trienes were the focus of investigation, as in Scheme 149a.  Here, a heptadienyl 
oxazolone 524 was reacted thermally at reflux in o-dichlorobenzene for 24 hours, to yield [5,6,6]-
tricycles 525 and 526, in 65%, and 16% respectively.  These presumably arise via endo and exo 
cycloaddition modes accordingly. 
By contrast, reaction 149b, which uses hexadienyl system 527, under similar conditions, 
returns the cis isomer 528 exclusively, in 65% yield.  Triene 527 is less flexible due to the 





Scheme 149:  IMDA cyclization of hepta- and hexatriene to [5,6,6]- and [5,5,6]-DA cycloadducts 
 
The continued investigation of these lead results is the underlying focus of the work presented 
herein. 
 
4.3 IMDA cyclization of Oxazolone in Total Synthesis 
The intramolecular Diels-Alder reaction has long been a highly useful tool in the synthesis 
of natural products.220  These cycloadditions allow high functionalization of the multicyclic 
frameworks obtained with considerable structural variety dependent upon the length of the tether 
and/or degree of substitution. 
Appearing after Fearnley's seminal 2-oxazolone IMDA studies, M. B. Smith of the 
University of Connecticut was also engaged in the development of similar oxazolone IMDA 
methodology.11  This culminated in an approach to model lycorane systems.  In Smith's approach, 
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oxazolone triene 529 was refluxed in toluene for 2 days and yielded a mixture of cis and trans 
product 530/531 in 2:1 ratio and 80% overall yield, Scheme 150.  This ratio is lower than that of 
Fearnley's aliphatic [5,6,6] analogue, Scheme 149, but it is notable that both preferred the cis 
isomer.  Clearly in this case, the aryl ring played a pivotal role.  Subsequent methanolysis yielded 
advanced model intermediate 532. 
 
 
Scheme 150:  Smith's oxazolone IMDA synthesis of a lycorane analogue. 
 
In 2010, Fearnley and Thangsornkleeb published the total synthesis of  2-epi-pumiliotoxin 
C 544 highlighting an IMDA of a substituted oxazolone triene.10  The route commenced from 
terminal heptadienyl aldehyde 532, a literature compound, and was subsequently subjected to 
Grignard conditions to form dienyl secondary alcohol 533 in 88% yield.  Oxazolidin-2,4-dione 
534 was coupled to the diene via Mitsunobu reaction to produce 535 in 73% yield, then selectively 
reduced, and dehydrated through a mesylation/elimination protocol to provide oxazolone triene 




Scheme 151:  Synthesis of n-propyl oxazolone triene 536 
 
The key IMDA cyclization was accomplished in o-dichlorobenzene at reflux for 72 hours 
to afford n-propyl-substituted [5,6,6]-DA cycloadducts 537 and 538 in 81% yield and a 3.7:1 
cis/trans ratio, Scheme 152.  This ratio compares well with that of the analogous [5,6,6]-DA 
cycloadduct lacking the propyl substituent presented in this thesis at a 4:1 cis/trans ratio; see 
Section 4.2.11, Scheme 149 for details. 
 
 
Scheme 152:  Diels-Alder cycloaddition of n-propyl oxazolone triene 536 
 
The greater proportion of product is thought to proceed through the endo-mode due to the 





Figure 59:  Proposed Transition State for IMDA Reaction Towards 2-epi-Pumiliotoxin C 
 
The synthesis of 2-epi-pumiliotoxin C 544 was completed after six more steps from 
regioisomer 537, Scheme 153.  The alkene of cycloadduct 537 was subjected to the Denmark 
modification of the Simmons-Smith cyclopropanation, yielding 539 in 87%, with a favorable 9:1 
 ratio.  Once the desired -cyclopropane was isolated, the ring was opened via hydrogenation 
to provide 540 quantitatively, and providing the 5--methyl regioisomer in a 5.5:1 ratio with 
respect to the inseparable undesired 6--methyl product.  At this point, the oxazolidinone ring was 
opened using ten equivalents of methyl lithium, delivering the N-acetyl hydroxyl 541 in 79% yield.  
This allowed separation of the desired regioisomer by simple column chromatography.  The 
nascent hydroxyl was reduced to a methylene through a Barton-McCombie deoxygenation in two 
steps, with yields of 88%, and 98%, respectively, leading to 543.  In the final step, N-deacetylation 
was accomplished with calcium metal in refluxing ammonia to provide (±)-2-epi-pumiliotoxin C 




Scheme 153:  Completion of Fearnley's 2-epi-pumiliotoxin C synthesis 
 
4.4 Oxazolone Cycloadducts as Divergent Platforms 
4.4.1 Overview of Divergent Synthesis 
Given the demonstrated effectiveness of oxazolone in IMDA reactions we hoped to further 
utilize the resulting cycloadducts as divergent platforms for natural product synthesis.  Interest in 
the use of common precursors as divergent platforms allowing the synthesis of "structurally 
disparate" families of natural products has grown since the introduction of the concept by 
MacMillan in 2011.221  Inspired by nature, MacMillan's philosophy hinges upon the concepts of 
biomimetic synthetic strategy where multiple, divergent natural product targets share a common 
precursor, which he dubs, "collective total synthesis." This is also coupled with enantioselective, 
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organocatalysis-driven methodology, as applied towards a workable laboratory approach.  The 
inspirational biosynthetic pathway is presented in Figure 60. 
 
 




MacMillan and coworkers showcased their approach by synthesizing members of three 
related natural product families, each containing a common core tetracycle, albeit in two 
enantiomeric series:  The (-)-stereoisomer for the targets of the Strychnos and Kopsia families, and 
the (+)-isomer for those of the Aspidosperma family.  For that reason, methodology was used that 
would create enantiomeric common core precursors 546 and 547 in a high diastereomeric ratio 
from 545 by utilizing an enantiomeric catalyst, with each enantiomer of the catalyst directing to 
one of the common core precursors. 
Common intermediate 546, which was synthesized in four steps, was used to complete 
syntheses of strychnine and akuammicine of the Strychnos family, and kopsinine and kopsanone 
of the Kopsia family, in nine to twelve steps each.  The two remaining natural products from the 
Aspidosperma family, aspidospermidine and vincadifformine, were synthesized from common 
precursor 547 in nine and eleven steps, respectively, Figure 61.  Although the underlying 
philosophy of MacMillan's divergent syntheses is impressive, the core structures of each example 
do not substantially differ from one another, and of course, are very closely related to the 




Figure 61:  MacMillan's biomimetic route. This exemplifies his "convergent synthesis" strategy, synthesizing targets  
     from three distinct and varied natural product families of two representative members each, originating  
       from a common precursor. 
 
To illustrate MacMillan’s methodology, the synthetic pathway to (+)-aspidospermidine 
and (+)-vincadifformine will be elucidated, Scheme 154.  This commenced with N-BOC-pyridinyl 
indole 543, and in three steps, N-benzyl vinyl indole 546 was produced in 61% yield.  The core 
aspidospermidine fused-ring skeleton was prepared from an addition/cyclization cascade utilizing 
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a 1-naphthyl-substituted imidazolidinone organocatalyst, ent-548-TBA (Figure 62), and 
proceeding in 83% yield with a 97% e.e.  This contained the ABCE rings of the final target with 
the required stereochemistry set at C31 and C11b. 
 
 
Figure 62: Structure of organocatalyst ent-548-TBA 
 
Vinyl iodide 552 was synthesized in three steps from 549 in 73%, via  a Heck condensation 
to close the D ring, while retaining the ethyl side chain of aspidospermidine in 65% yield.  Global 
hydrogenation proceeded in 98% yield (24% overall), providing (+)-aspidospermidine 554 in nine 
steps. 
From aspidospermidine 554, (+)-vincadifformine 556 was completed in two additional 
steps:  3(H)-indole 549 was formed from the Swern oxidation of the indoline in 554, and in the 
ultimate step, n-butyllithium-promoted addition to methyl cyanoformate to afford 556 in 57% 




Scheme 154:  MacMillan's route to (+)-aspidospermidine and (+)-vincadifformine 
 
4.4.2 Divergent Syntheses from a Common Core:  General Strategy 
Our approach is based upon the utilization of a common core intermediate, that through 
modification, can lead to highly divergent families of natural products starting from the 
heterocycle, 2-(3H)-oxazolone.  Coupling oxazolone at the nitrogen, with a terminal diene 
possessing a variable-length alkyl tether, provides a triene suitable for IMDA cyclization that 
allows for an oxazolidinone-containing tricycle with one ring of variable size (a 5- to 7-membered 
ring), Scheme 155.  We then hope to modify the resulting tricycle along divergent pathways 




Scheme 155:  General synthetic route to DA common core cycloadducts 
 
After the [4+2] IMDA cycloaddition, we propose two strategic pathways utilizing each 
core ring structure as derived from the same key reaction.  The first involves the "Direct 
Incorporation" of the resulting cycloadduct itself, and is highly dependent upon the initial size of 
the tether.  Specific examples include pumilliotoxins [5,6,6], aspidospermidine [5,5,6], and aryl-
fused [5,6,6] amarylidacaea — all feature the two newly formed rings of the cycloadduct 
embedded within.  Alternatively, a rearrangement of these frameworks, via oxidative-
scission/reclosure should yield a new structurally-distinctive core from that of the initial target 
compound, with the N now at the ring junction.  In this way we hope to access pyrrolizidines, 
indolizidines, and related targets.  In one interesting application, it may indeed be possible to access 
Stemona targets via both strategies. 
Therefore, from a single-core intermediate, we hope to access a number of natural product 




Figure 63:  Divergent synthesis strategy and representative natural product target families 
With such a series of goals in mind, we initiated a series of preliminary studies. 
 
4.5 Synthesis of Key Cycloadducts 
4.5.1 Synthesis of 2-(3H)-Oxazolone 
For our purposes, oxazolone 28 was synthesized from a known literature procedure, as it 
is no longer commercially available at a reasonable price (From specialty synthesis firms; 1 g for 
$262.43, Proteogenix).222  On the other hand, 2-oxazolidinone 457 is a cost-effective starting 
material, (100g for $120, Sigma-Aldrich).  Using a modified electrochemical procedure from 
Anteunis' laboratory,196 we employed a simple, batch reactor synthesis instead of a continuous 
flow apparatus, Scheme 64.  Tetraethylammonium tosylate was used as an electrolyte in lieu of 
201 
 
tetrabutylammonium tetrafluoroborate in the anodic oxidation of compound 457.  In a lab-designed 
reaction apparatus using two carbon electrodes, Figure 63, (25.0 cm x 2.5 cm x 0.50 cm, ~ 12.5 
cm x 2.5 cm x 0.50 cm submerged, 10 mm separation, 30.1 V, 0.23 A), 4-methoxyoxazolidin-2-
one 456 was synthesized as a green syrup with a crude yield of 46% after aqueous workup.  
Progress could be monitored by NMR of aliquots. 
 
Figure 64:  Electrochemical apparatus 
 
This product would not  recrystallize at all, as found in the Anteunis paper, so it was used 
in crude form after aqueous extraction to remove the electrolyte.  The Anteunis synthesis was 
followed to complete the short, two-step procedure to compound 28 by dissolving 456 in glacial 
acetic acid and refluxing, by raising the temperature slowly to 132 °C over one hour, under an inert 
atmosphere in the presence of distilled acetic anhydride, Scheme 156. 
 
 
Scheme 156:  Synthesis of 2-oxazolone from 2-oxazolidinone 
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The procedure as run proved capricious and had inadequate yields.  Large amounts of 
undesired, side product (a yellow oil), prevented recrystallization, thus necessitating the use of a 
tedious and uneconomical purification by flash column chromatography.  (Anteunis has proposed 
various dimers as side products in his procedure.)  This quandary was circumvented by allowing 
the electrochemical reaction of compound 457 to proceed for five days without any disturbance of 
the reaction or cessation of applied current.  Subsequently, the reaction proceeded consistently 
with 90+% yields by proton NMR with only the desired product 456 present, and a minimal 
quantity of side products.   Although the purified yield of 4-methoxyoxazolidinone 456 was only 
62%, having a reliable method to produce pure crystalline 456, precluded the need for protracted 
and wasteful, large columns.  The apparent loss of ~30% of the product, as determined by NMR, 
was attributed to the failure of product 456 to recrystallize completely.  The increasing 
concentration of the yellow oil made multiple recrystallizations of the mother liquid a futile 
endeavor. 
Likewise, starting from pure compound 456 in the synthesis of oxazolone 28, obtained 
from the new protocol delineated, above, allowed for the recrystallization from the crude, thereby, 
making the literature recrystallization of 28, feasible, Scheme 153.  It is thought that the crude, 
green oil containing 456 from our original method, also held an indeterminate quantity of the oily 
side products.  These impurities were carried through, unreacted, during the formation of 
oxazolone 28, and had a similar effect upon the attempted recrystallization of oxazalone 28 as was 
observed in the electrochemical reaction; the complete prevention of recrystallization. 
These observations led to a synthesis that was transformed from a questionable source of 
starting material 28, which included a minimum of one time-consuming and difficult column 
purification to a quick, simple, and reliable source of a commercially-unavailable starting material 
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in good quantity.  The high quality of 28 and the ease of the reactions and purification, more than 
offsets the acceptable 61% yield of 28, and the overall yield over two steps of 38%. 
 
4.5.2 Dienyl Fragments and Coupling to Trienes 
4.5.2.1 Synthesis of [5,6,6] Diels-Alder Cycloadduct Triene Precursor 
The synthesis of the [5,6,6] Diels-Alder tricycle 525/526, previously synthesized in the 
Fearnley group13 started with a literature Claisen-type rearrangement223, 224 of isobutyl vinyl ether 
557 and divinyl carbinol 558, providing dienyl aldehyde 560 in 75% yield.  Aldehyde 560 was 
then reduced to dienol 561 by a mild sodium borohydride reduction in a mixed solvent of methanol 
and THF in a 1:4 ratio for 6 hours at 0 °C providing 561 in 75% yield. 
Alcohol 561 was reacted with tosyl chloride to afford known dienyl tosylate 562 in 54% 
yield225 and was coupled with oxazolone 28 in DMSO allowing N-alkylation.  Through this 
pathway previously developed in our laboratory,13 triene 563 was isolated in a workable 50% yield, 
Scheme 157. This NaH-promoted coupling reaction was not optimized, as we then turned our main 
attention to the synthesis of the [5,5,6]-DA cycloadduct. 
 
Scheme 157:  Synthesis of heptenyl triene 
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4.5.2.2 The Synthesis of the [5,5,6]-Diels-Alder Cycloadduct Triene Precursor 
A similar approach to the related [5,5,6]-tricycle required triene 568.  Construction of 
dienyl fragment 567 closely followed established literature procedures of Tamaru et al.226  
Commercially available ethyl sorbate 564 underwent deconjugation to the terminal diene ester 565 
in the presence of n-BuLi and HMPA in THF at –78 °C, and was recovered as a yellow oil with a 
60% yield.227  Compound 565 was then reduced under standard conditions using LAH in THF to 
yield hexa-3,5-dien-1-ol 566 as a clear oil.228 As in the reduction of hepta-4,6-dienal 560 to hepta-
4,6-dien-1-ol 561, alcohol 566 was also highly volatile, and handled in the same manner, vide 
supra.  Tosylation of 566 proceeded to an 89% yield of hexa-3,5-dienyl tosylate 567 as a clear oil 
after column chromatography (20:1 silica gel/product ratio, 500 mL hexanes to remove residual 
tosyl chloride, then 300 mL of 1:19 ethyl acetate/hexanes based upon 1 g of starting material 565). 
As in the case of the [5,6,6]-DA cycloadduct precursor 563, triene 568 was synthesized by 
reacting dienyl tosylate 567 with oxazolone 28 in the presence of sodium hydride in DMSO in a 
35–77% yield, Scheme 158.  The yield for this coupling in both the [5,6,6]- and [5,5,6]-triene 
should be in the 90% range, but it was thought the originally lower yields may be due to the 
presence of water in older samples of anhydrous DMSO, vintage NaH, or imperfect oxazolone. 
 
 
Scheme 158:  Synthesis of hexenyl triene 
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4.5.3 Cycloaddition Studies 
4.5.3.1 Synthesis of the [5,6,6] Diels-Alder Cycloadduct from Triene 525/526 
In previous work in the Fearnley group, the intramolecular DA reaction of 524 was reacted 
thermally in refluxing o-dichlorobenzene at standard pressure for 24 hours at 180 °C, providing 
cis-isomer 525 in 65% yield and the trans-isomer 526 in 16%, Scheme 159a.13  Alternatively, the 
Diels-Alder precursor 524 was exposed to microwave irradiation, after being degassed in the 
presence of dihydroquinone, at 250 °C, 300 max. psi and 300 W for three hours, yielding the 
[5,6,6]-cycloadduct with a 54% yield of the cis-isomer 525 and a 23% of the trans-isomer 526, 




Scheme 159:  Thermal and microwave reaction of heptenyl triene to [5,6,6]-DA cycloadduct 
 
As expected, the "cis" product 525 predominates, possibly due to secondary orbital overlap 
from an endo-approach. This is favored over the presumably less stabilized exo-approach of the 
"trans" product transition state.  Also, perhaps more importantly, conformational restrictions 
arising from the alkyl tether may play a role, Figure 65.216  Although the cis/trans ratio is lower in 




Figure 65:  Exo- and endo-transition states for the [5,6,6]-DA cycloadduct 
In an attempt to determine if there was a temperature dependence inherent in the cis:trans 
ratio, a series of microwave reactions were performed, variable only in temperature, with all other 
factors held constant, see Table 7, below.  These initial ratios were determined by 1H NMR 
spectroscopy, based upon the ratio of selected known product signals.  Since the variation did not 
follow a linear trend, the temperature could not be discerned as a factor in the cis/trans ratio 
(525/526), so we calculated it would be advisable to run the reaction at a higher temperature to 
significantly reduce reaction time.  Overall, these results were in alignment with previous findings, 
and we moved ahead. 

















4.5.3.2 Synthesis of the [5,5,6]-Diels-Alder Cycloadduct 569 from Triene 568 
We briefly reinvestigated this reaction in an attempt to increase the rate of reaction as 
follows:  In previous work performed within our group, the [5,5,6]-Diels-Alder cycloadduct was 
synthesized from triene 568 in a sealed tube at 220 °C for 24 hours, providing only one product, 
later determined as the cis isomer, in 65% yield.13  In comparison, the same reaction run under 
reflux conditions at 1 atm required three days to deliver 569 in 67% yield.  The increased pressure 
from the reaction occurring in a closed system presumably accelerated the rate of reaction.230  
However this was not shown to affect the diastereomeric ratio, nor affect the yield of product, 
either positively or negatively, Scheme 160a. 
When examining the transition states for the endo- and exo-modes, it is clear why the 
cyclization only affords the cis product.  The cis isomer arises from the endo mode, while the trans 
isomer would result from the exo mode.  Due to the shorter length of the hexadienyl tether, as 
compared to that of the heptadienyl analogue 524, it is not possible for the diene and dienophile to 
align in a manner that would allow the Diels-Alder cyclization to occur via exo-mode. 
In an attempt to increase yield and decrease the reaction time further, the intramolecular 
Diels-Alder cycloaddition was run in a microwave reactor, after being degassed in the presence of 
dihydroquinone, at a temperature of 250 °C, 300 max. psi, and 300 W, Scheme 160b.  Initial 
attempts were run in o-dichlorobenzene without the presence of DMF, and the reaction time was, 
indeed, decreased from 24 hours thermally to 5-7 hours, providing cycloadduct 569 in a 65% yield.  
However, when the solvent was doped with 10% DMF,231 the reaction time dropped to 3 hours to 
give 64% yield, Scheme 160b. Once again, the alterations of the initial reaction conditions did not 





Scheme 160:  Thermal and microwave reaction of hexenyl triene to [5,5,6]-DA cycloadduct 
 
4.5.3.3 Structural Elucidation of Diels-Alder [5,5,6]-Cycloadduct 
Whereas [5,5,6]- cycloadduct 569 has been reported before, a full structural analysis was 
carried out with higher field NMR experiments.  Initial TLC analysis of the reaction showed a new 
product with lower Rf (0.36, 1:1 ethyl acetate/hexanes), and 1H NMR showed this to be clearly 
distinct from the original starting material.  The two olefinic oxazolone protons and terminal 
alkene/conjugated diene protons (7 signals, 7H) were now absent, replaced by just two protons of 
an internal alkene, presumably H4 and H5, in the typical range of 5-6 ppm.  The CH-X region 
showed four signals, corresponding to 4H total.  These included a multiplet, integral 1H, 
previously identified as the H7 ring junction proton, two ddd, and one dt.  Five signals remained 
unassigned – presumably H3a, and the C3 and C6 –CH2– protons, Figure 66.  The methylene 
region showed four signals, 5H total, corresponding to the two H3 and two H6 protons, as 
evidenced by their complicated splitting patterns, where one signal was overlapping with a broad 
multiplet (assumed to be H3a).  13C, including APT, showed the characteristic absence of the 
former conjugated terminal diene and oxazolone alkene signals (expected between 110-140), 
209 
 
being replaced by two olefin signals at 130.7 and 124.9.  Finally, mass spectrometry yielded a 
parent mass ion of [M+Na]+, 188.0695 amus. 
 
 
Figure 66: Numbering system for the [5,5,6]-DA cycloadduct 569 
 
The evidence in favor of a successful Diels-Alder cyclization was further supported by 13C 
APT signals showing three methylene groups in the aliphatic region; an increase in the number 
and complexity of the 1H NMR CH-X peaks, and gHSQC patterns that suggest the transition from 
two straight-chain methylene groups, with equivalent protons to that of three sets of diastereotopic 
methylene protons with substantial separation of each set of geminal environments. 
Having established that the intramolecular Diels-Alder reaction proceeded, the relative 
stereochemistry of the ring junction protons H7, H7a, and H3a required to be established.  It was 
assumed that the most downfield CH-X signal was the C–H7–O methine, as is normal in these 
systems.  H7 (4.93-4.90 ppm, dm, J = 8.7 Hz),  was coupled with H7a (4.08 ppm, tm, J = 2 x 7.4 
Hz), by 7.4-8.7 Hz, which is expected, as these ring junction protons necessarily must be cis since 
the Diels-Alder reaction proceeds through a suprafacial approach of the dienophile to the diene.  
However, even though the exact value of the coupling is slightly ambiguous due to the nature of 
the multiplets involved, HOMODEC confirmed this interaction.  As to the geometry of the 
remaining ring junction, the bond formed between C7a and C3a (2.49-2.44 ppm, m), during the 
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reaction leads to possible cis or trans orientation of H7a and H3a.  Since the remaining coupling 
constant of H7a is 7.4 Hz, cycloadduct 569 has a cis-cis relationship of the three ring junction 
protons, as a trans orientation of H7a and H3a would have a larger coupling in accordance with 
the Karplus equation, Figure 67.232  Additionally, H7a and H3a show an NOE enhancement 
between H7 and H7a, further confirming the cis relationship of the bridgehead protons. 
 
 
Figure 67:  Ring junction coupling constants of [5,5,6]-DA cycloadduct 569 
 
The C2 protons characteristically appear in the CH-X region, and are readily identifiable, 
as the C2 protons are far removed from any reaction center and therefore, do not shift appreciably.  
It was determined that the 1H proton signals at 3.48 ppm (dt, J = 11.1, 2 x 8.1 Hz) and 3.09 ppm 
(ddd, J = 11.1, 9.1, 4.0 Hz) were diastereotopic methylene protons on one carbon, from the gHSQC 
spectrum.  Also these were the most downfield of the three sets of methylene groups found within 
cycloadduct 569.  Additionally, the splitting of these signals indicate that they are adjacent to only 
one methylene group, so therefore, must belong to C2, since it is adjacent to N1 of the 
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oxazolidinone ring, vide supra.  The geminal coupling constant of the protons at C2 was 11.1 Hz, 
and were referred to as H2x and H2y, respectively. 
Using the gHSCQ, gCOSY, and coupling between C2, the C3 methylene signals were 
assigned as H3x (2.19 ppm, ddt, J = 13.1, 9.2, 2 x 7.9 Hz) and H3y (1.90 ppm, dddd, J = 13.0, 8.3, 
3.9, 2.7 Hz).  In order to determine the orientation of the protons of C2 and C3, these couplings 
were analyzed in detail.  By direct comparison, it was possible to assign all J values in the spin 
system.  H2x showed similar couplings to both H3x and H3y:  7.9-8.1 Hz for the former, and 8.1-
8.3 Hz for the latter.  On the other hand, H2y had a 9.1-9.2 Hz interaction with H3x, in contrast 
with a 3.9-4.0 Hz coupling to H3y.  H3x and H3y showed a clear geminal coupling of 13.0-13.1 
Hz.  The only remaining couplings unassigned for each must therefore be to H3a.  These were 7.9 
Hz for H3x and 2.7 Hz for H3y.  This could only be accounted for if H3x were eclipsed and H3y 
were close to 90° with respect to H3a.  On the basis of this, H3x was assigned as H3, and H3y as 
H3. Because H3 has about a 4 Hz coupling to H2y and about a 8 Hz coupling to H2x, this 
suggests H2y is syn and H2x is anti.  Therefore, H2y was assigned as H2, and H2x as H2Figure 
68.  The model supported these data, Figure 69. 
 
 




Figure 69:  Selected [5,5,6]-DA cycloadduct couplings along C3–C3a axis 
 
After having established the identity of the ring junction and methylene protons of the 
pyrrolidine protons, all that remained was to identify the protons of the cyclohexene ring.  The 
signals at 5.75–5.71 ppm and 5.57–5.53 ppm each integrated to one proton and were found within 
the normal range for alkenes, 5–6 ppm, and the range of 120–140 ppm on the 13C NMR spectrum. 
These proton and carbon signals were confirmed as being related through a gHSQC experiment.  
While H3a (2.49-2.44 ppm, m, 1H) was partially occluded by the signal of H6x (2.48 ppm, ddd, J 
=17.1, 6.7, 2.0 Hz)gCOSY showed no correlation with either alkene signal; this suggested a 90° 
dihedral angle between H3a and H4.  Of the two alkene signals, the most simple pattern (5.57-5.53 
ppm, dm, J = 10.1 Hz) was thus assigned as H4.  The coupling of H4 to H5 (5.75-5.71 ppm, m) 











The only signals left unassigned were the C6 methylene protons.  These were the 
previously mentioned H6x (2.48 ppm, ddd, J = 17.1, 6.7, 2.0 Hz) and H6y at 2.07 ppm (ddt, J = 
17.1, 6.4, 2 x 3.2 Hz).  Whereas the geminal coupling was clearly observed as 17.1 Hz, the 
remaining values were ambiguous, and the broadened multiplet nature of H5 and H7 did not assist.  
Upon HOMODEC irradiation of H7, H6x lost a 2.0 Hz coupling, but H6y, H5, and even H4, all 
collapsed to complex multiplets.  This last long-range coupling was just one of several 
complicating the analysis of this cycloadduct.  Despite this dearth of information, the remaining 
6.4 Hz coupling must be from H6x to H5.  In conjunction with the 2.0 Hz H6x-H7 interaction, this 
suggested a pseudo-diequatorial relationship with H6x on the lower face.  Therefore, H6x was 
assigned as H6and consequently H6y as H6, Figure 70. 
 
Figure 70: Selected [5,5,6]-DA cycloadduct coupling constants along the C6–C7 axis 
























Figure 71:  [5,5,6]-DA cycloadduct 569 1H NMR shifts in CDCl3 and coupling constants 
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4.6 Application of Approaches to Natural Targets 
4.6.1 Introduction 
To demonstrate our divergent synthesis approach, the [5,5,6]-DA tricyclic intermediate 
569 was chosen as the first candidate.  In the Direct Incorporation method, a racemic 
aspidospermidine A analogue 570/570a, featuring the [5,5,6]-cycloadduct, was targeted.  
Dihydroxyheliotridane, from the pyrrolizidine class of natural products, was selected as the 
Rearrangement methodology example.  This strategy relies upon the scission of the cyclohexene 
ring olefin and the deprotection of the oxazolidinone ring carbamate, subsequently followed by 
rearrangement to provide a new skeleton leading to this natural product family not immediately 
apparent in the common core tricycle, Figure 72. 
The work on the Direct Incorporation Method will be discussed first in Section 4.6 and 
4.7, and the initial forays into the Rearrangement method will follow in Section 4.8. 
 
Figure 72:  Selected targets for total synthesis utilizing the Direct Incorporation and Rearrangement strategies. 
          These are divergent syntheses from a common core intermediate 
 
We have demonstrated these potential divergent routes from a [5,6,6]-DA triene, resulting 
from the common core intermediate 573, featuring a substituted piperidine ring, as opposed to the 
pyrrolidine ring in the current example.  Through the Direct Incorporation Method, common core 
intermediate 573 has led to pumiliotoxins 572 by incorporation of the [6,6] rings of 573, and upon 
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Rearrangement, access to indolizidines 574, among other natural product families, may be granted, 
Figure 73. 
 
Figure 73:  Divergent synthesis from a common core intermediate. From a [5,6,6]-common core intermediate 573, 
    two structurally-different targets can be synthesized 
 
  We thus set out to exploit [5,5,6]-cycloadduct 569 in similar fashion — targeting alkaloids 
of the Aspidosperma and pyrrolizidine families via Direct Incorporation and Rearrangement, 
accordingly. 
 
4.6.2 Attempted Synthesis of Aspidosperma Frameworks 
4.6.2.1 Background to Aspidosperma Alkaloids 
Many Aspidosperma compounds have impressive biological activity.  The subcanadines 
show marked anti-tumor activity,233 and jerantinine A, isolated from Tabernaemontana 
corymbosa, shows cytotoxicity against cancer cells.234  Aside from anticancer properties, other 
Aspidosperma alkaloids have shown antiparasitic, antiplasmodial, and antiprotozoal activity.235-237  
Aspidosperma compounds also have found usefulness in the synthesis of related dimeric 
compounds, such as vincamine.238 
(–)-Aspidospermine 575 is the parent compound of a family of pentacyclic, fused-ring 
indole alkaloids, discovered in 1878 after isolation from the Aspidosperma quebracho blanco 
tree.239  The bark contains over twenty alkaloids, including yohimbine, aspidospermine, 
217 
 
aspidospermidine, and quebrachitol.240  Yohimbine is used as a drug in veterinary medicine to 
counter the effects of xylazine, and is used in homeopathic medicine,241 while quebrachitol was 
tested for use as an artificial sweetener for diabetics in the 1930s.242  However, aspidospermine 
was not fully characterized until 1959 by Conway with NMR spectroscopy,243 and through X-ray 
crystallographic studies by Mills and Nyburg.244  Not long after characterization, the first total 
synthesis of (±)-aspidospermine was completed in the labs of Gilbert Stork in 1963.245 
(+)-Aspidospermidine 554 has been isolated not only from Aspidosperma quebracho 
blanco, but from Aspidosperma album and Aspidosperma rhombeosignatum as well, and has been 
the focus of many total and formal syntheses for decades.  The structure is very similar to that of 
575, but does not include any superfluous substituents — e.g, the OMe and NAc — making it a 
natural choice for total syntheses designed to highlight new methodology.246-278  Our target 
compound 570 is an analogue of aspidospermidine 554, containing an oxazolidinone ring in lieu 
of the piperidine D ring found in aspidospermine 575 and aspidospermidine 554, Figure 74. 
 
Figure 74: Aspidosperma alkaloids and analogues. The structures of natural products (–)-aspidospermine 575, 
          (+)-aspidospermidine 554, and proposed synthetic aspidospermidine target 570. 
 
4.6.2.2 Overall Retrosynthetic Approach 
The total synthesis of the aspidospermidine analogue 570 is planned from the Direct 
Incorporation of the common-core, tricyclic fused heterocycle 569, via a Fischer indole synthesis 
of ketone 576.  The tricyclic ketolactam 576, itself, would be the product of our established 
218 
 
intramolecular Diels-Alder cycloaddition, which results in the simultaneous formation of the fused 
CE rings of the final target system.  The Diels-Alder precursor, triene 568, is of course yielded by 
a NaH-promoted SN2 substitution reaction of oxazolone 28 to hexadienyl tosylate 567, Scheme 
161, as previously demonstrated in our laboratory. 
 
Scheme 161:  Retrosynthetic analysis of "Direct Incorporation" aspidospermidine analogue 
A key step in the synthesis is the transformation of [5,5,6]-DA cycloadduct 569 to 4-ketone 
576, and we envisioned three possible routes to 576.  The first possible route requires the 
regioselective oxidation of the alkene of 569 to the 4-hydroxy 578.  This could be accomplished 
by hydroboration or oxymercuration/demercuration, of which hopefully one will lead to the 
desired regioisomer; we assume the other complementary method will show a preference for the 
opposite regioisomer, the 5-hydroxy.  The 4-hydroxy tricycle 578 could then be oxidized to the 4-
ketone 576.  This route, if feasible, would provide the desired product in only two steps, ideally 
with overall selectivity for 576, Scheme 162a.  The second possible route is as equally concise and 
requires the epoxidation of the olefin of 569 to either or both of the possible oxiranes 579.  Once 
the epoxide has been provided, we plan to convert to the 4-ketone 576 through a Meinwald-type 
rearrangement.  At this stage, the selectivity for the desired ketone 576 is not entirely clear, as both 
carbons of the epoxide are secondary, so this Meinwald rearrangement may also deliver the wrong 
219 
 
isomer, the 5-ketone 577, Scheme 162b.  The final possible route to 576 would be to use one or 
both of the epoxides to yield alcohol 578 via hydride-promoted ring opening.  If provided 
selectively, the 4-hydroxy tricycle 578 would then be oxidized to 4-ketone 576.  This method has 
one more additional step than the two previous routes, but provides an additional opportunity to 
realize the highest overall yield for the route, Scheme 162c.  Both 4-hydroxy cycloadduct 578 and 
/-oxo cycloadduct 579 both originate from [5,5,6]-DA-cycloadduct 569, Scheme 162d.  Clearly, 
the topological and stereoelectronic characteristics of cycloadduct 569 will play a key role in the 
outcome for these investigations. 
 
Scheme 162:  Retrosynthetic analysis of the synthesis of the 4-ketone 576 from [5,5,6]-DA cycloadduct 
 
4.6.3 Attempted Direct Hydration (BH3/Hg) 
This overall exploratory phase is closely related to Uenishi and coworkers’ synthesis of (–
)-apicularen A.  Here they investigated the facial- and regioselectivity of 1) hydroboration, 2) 
epoxidation/reduction, and 3) oxymercuration /demercuration of DHP 580, Scheme 163.279  
Uenishi found that all three reactions clearly favored the -face.  In reaction 163a, BH3 reacted at 
the less hindered face with an : ratio of 1:2 of 581/582 at 84%, and 12% of mixed / alcohol 
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583.  Reaction 163b reacted with a 1:3 ratio of 581/582, in 49%, and afforded 5% of alcohol 583.  
Finally, the oxymercuration/demercuration reaction, reaction 160c, was found to have opposite 
regioselectivity and provided alcohol 584/585 exclusively with a reversed / selectivity in a 3:1 
ratio. 
 
Scheme 163:  Uenishi's alkene hydroxylation experiment 
 
Uenishi invoked a single half-chair conformation for the origin of the selectivity as shown, 
Figure 75. 
 
Figure 75:  Uenishi's Intermediate for addition from the less hindered face of the alkene 
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Based on this valuable precedent, and following the procedures of Uenishi and coworkers 
in Scheme 163, above, the first attempted reaction was oxymercuration/demercuration of DA 
tricycle 569.  This involved using Hg(OCCF3)2 in 1.175:1 THF/H2O, followed by NaBH4 in 3M 
NaOH, Scheme 164.  After multiple attempts, the reaction failed to produce either of the expected 
regioisomeric alcohols, 586 and 587.  This was possibly due to the highly concave/convex nature 
of this cycloadduct.  Assuming initial mercurinium formation on the upper, convex face, the 
hydroxide is unable to attack from the bottom, concave face, based upon a simple sterics argument.  




Scheme 164:  Oxymercuration/demercuration hydroxylation of [5,5,6]-DA cycloadduct 
 
Hydroboration of 569 under standard conditions failed to react with borane at room 
temperature for one hour, showing only very slight signs of reaction by proton NMR spectroscopy.  
Reaction time was, therefore, increased to three hours, however, this also did not lead to an 
appreciable conversion of 569 into product.  Increasing the reaction time at room temperature was 
shown to be inadequate to drive the reaction to completion, therefore the temperature was initially 
increased to 45 °C, then to reflux.  The alkene of 569 still proved to be resistant to hydroboration, 
so additional equivalents of borane-THF were added, and the reaction was allowed to continue 
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refluxing for two hours, after which basic H2O2 was added, but the process ended in unknown 




Scheme 165:  Attempt hydroboration of [5,6,6]-DA cycloadduct 
 Due to these shortcomings, we instead focused on the epoxidation routes as follows. 
 
4.6.4 Via Epoxidation  
4.6.4.1 mCPBA Epoxidation of [5,5,6]-Diels-Alder Cycloadduct 
Clearly, alternative oxidation at C4 was now required.  It was hoped that alkene 569 would 
provide the necessary 4-ketone via the epoxide, and was reacted with mCPBA in DCM,280 but 
initial forays proved unsuccessful.  The presence of both diastereomeric epoxides was suspected 
by TLC analysis, but the absence of the desired products within the crude residue, as determined 
by NMR spectroscopy, led to the conclusion that the desired products were degraded during 
workup.  Problems with the associated meta-chlorobenzoic acid (mCBA) byproduct appeared to 
be the cause, so the conditions were altered through the addition of a dilute sodium bicarbonate 
solution upon completion of the reaction to neutralize the mCBA byproduct thought to be 
responsible for the acidolysis of the epoxide regioisomers.281, 282  While the addition of sodium 
bicarbonate allowed for the isolation of product in the crude mixture, the recovered mass was well 
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below the theoretical yield. This was followed by an increase in the number of equivalents of 
mCPBA from 2.5 to 4.0 equivalents in an attempt to drive the reaction to completion, but the yield 
of purified products was less than 20%.  The next step in the optimization was to pre-dissolve the 
mCPBA in benzene, wash the solution five times with 5 mL of 7.4 pH NaOH/NaH2PO4 buffer, 
and to dry the purified mCPBA over anhydrous sodium sulfate before adding the solution to the 
reaction flask.  This procedure resulted in the formation of both the - and the -epoxide — attack 
from the concave and convex face, respectively — but the combined purified yields were still low 
(50%). 
It was determined that while the product was being formed, it was not extracted to a 
sufficient degree, so a series of extraction studies were performed to find the optimal conditions.  
It was found that extraction with DCM was the most effective with over 100% of the crude yield 
recovered based on theoretical yield.  However, based on theoretical yield, this contained salts.  
Interestingly, extraction with diethyl ether selectively removed only the "major" product (later 
deduced to be the -epoxide).  Another observation was that during extraction the use of dilute 
NaOH appeared to selectively destroy the minor -epoxide, while leaving the -epoxide intact.  
This would be expected, as the -epoxide is more accessible to backside attack by the hydroxide 
anion due to the oxirane positioned on the lower, concave face.  Conversely, hydroxide would 
have to attack the -epoxide from inside this hindered, concave face. 
Now that it was certain that no product was lost due to an inadequate extraction, the 
epoxidation of alkene tricycle 569 would proceed to its maximum potential:  0.280 M [5,5,6]-DA 
cycloadduct 569 in CH2Cl2 was reacted with 4 equivalents of mCPBA (0.336 M in benzene), and 
then quenched with a 20% w/v aqueous Na2S2O3 solution.  The crude products were extracted into 
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DCM, and dried over anhydrous Na2SO4.  These conditions then led to the synthesis of the desired 
epoxides 588/589 in an initial 2.8:1 ratio of : products in an overall yield of 87%, Scheme 166. 
 
Scheme 166:  mCPBA epoxidation of [5,5,6]-DA cycloadduct 
 
4.6.5 Structural Elucidation of -epoxy-[5,5,6]-DA Cycloadduct (minor epoxide) 
We first focused on identifying the more polar, minor component, subsequently shown to 
be the -epoxide as described, herein.  Clearly the compound was distinct from the starting 
material by TLC, Rf  = 0.27 in 1:19 acetone/DCM, (major -epoxide, Rf  = 0.41).  1H NMR revealed 
the most obvious changes in minor epoxide 589.  Foremost was the loss of the alkene proton signals 
between 5 and 6 ppm and the appearance of two new extra signals at 3.28 and 3.18 ppm, 
presumably, the two protons of the newly formed oxirane ring, and MS revealed an [M+Na]+ 
parent ion of 204.0662 amus (calculated for C9H11NNaO3: 204.0637 amus).  A total of 11 signals, 
each integrating for 1H, were observed.  In addition, 13C showed the disappearance of the olefin 
signals.  It would not be unreasonable to assume that the minor product of the mCPBA epoxidation 
reaction of [5,5,6]-DA cycloadduct 569 would result from the sterically unfavored approach of 
mCPBA from the convex face.  Working under that assumption, it was possible to quickly establish 
the stereochemistry of the minor epoxide through through comparisons of models with the 



















Figure 76: Minor -epoxide 589 numbering scheme 
It was understood that the orientation of the three ring junction protons would remain 
unchanged, and therefore readily identified on the 1H NMR spectrum.  This was, indeed, the case.  
H7 was, once again, the most downfield of the ring junction protons, 4.76 (dd, J = 9.4, 4.7 Hz) 
and the connectivity to H7a and H3a was determined by a gCOSY NMR experiment.  The H7/H7a 
coupling was measured as 9.4 Hz in H7, and 8.7 Hz in H7a, (3.97 ppm, dd, J = 8.7, 7.1 Hz) — 
about 9.0 Hz.  The remaining coupling from H7a (7.1 Hz) must therefore be to H3a.  This coupling 
was reciprocated from H3a to H7a as a 7.2 Hz coupling.  These values were fully supportive of 
the expected all cis-ring juntions, Figure 77. 
 
Figure 77:  -epoxy-[5,5,6]-DA Cycloadduct Ring Junction Coupling Constants 
Now to establish the stereochemistry of the minor epoxide, itself:  The signal at H3a was a 
broadened triplet of multiplets; (J = 2 x 7.2 Hz), with one coupling reciprocating to H7a and a 
similar value to H3.  Examination of models revealed dihedral angles very close to 90° for H3 
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and H4.  This would explain the apparent broadening of the signal due to residual fine coupling, 
Figure 78.  However if we consider the epoxide, the H3a-H4 dihedral angle is also very close 
to 90°, rendering this assignment possibly ambiguous. 
 
Figure 78:  0 Hz coupling of H4 to H3a in [5,5,6]--epoxide 
 
Therefore, it was necessary to start from H7 to determine the orientation of the signals of 
the protons of C6, then to use that information to confirm the stereochemistry of the epoxide, 
Figure 79.  Starting from H7 (dd, J = 9.4, 4.7 Hz), this suggested couplings of 4.7 and about 0 Hz 
to each of the H6 protons.  Using a model it was found that it would be impossible for H6 to 




These suppositions, above, were supported by further coupling data.  H6was identified 
as a dd, at 2.03 ppm, J = 16.6, 4.5 Hz.  The latter value reciprocated the 4.7 Hz coupling observed 
in H7, while the remaining 16.6 Hz was clearly geminal.  As no further coupling was observed to 
the only other adjacent proton, H5 of the epoxide, this 0 Hz interaction suggested a 90° 
relationship.   
Its partner, H6 appeared as a ddd, at 2.56 ppm, (J = 16.5, 3.4, 1.0 Hz).  While the 
corresponding geminal coupling to H6 was readily evident (16.6 Hz), the remaining two values 
required assigning.  As H6 and H7 are close to 90°, this matched the observed 1.0 Hz coupling 
(in fact, insufficient to appear in the dd of H7, itself).  Therefore the remaining 3.4 Hz coupling 
was assigned as the H6-H5 interaction. The C4 and C5 olefinic protons appear in the CH-X 
region; H5 at 3.28 ppm (broad. t, J = 2 x 3.7 Hz, ) and H4 at 3.16 ppm (broad d, J = 4.1 Hz). 
 
Figure 79:  0 Hz coupling of H5 to H6 and H6 to H7 in [5,5,6]--epoxide 
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The C2 and C3 protons both appear as diastereotopic methylenes; H2x at 3.64 ppm (dt, J 
= 10.8, 2 x 8.4 Hz) and H2y at 3.18 ppm, (ddd, J = 10.8, 9.4, 3.7 Hz).  The C3 protons appeared, 
as usual, upfield with H3x appearing at 2.46 ppm (tm, J = 2 x 7.2 Hz) and H3y at 2.29 ppm (dddd, 
J = 13.1, 8.4, 3.4, 2.3 Hz). 
The diastereotopic protons of the two adjacent methylene groups of C2 and C3 were 
identified using a 2D gHSQC heteronuclear spectrum, (1H – 13C correlation).  Those data were 
then applied to the proton signals on the 1H NMR.  The topology of H3 2.29 (dddd, J = 13.1, 8.4, 
3.4, 2.3 Hz and H3 (2.46 ppm, tm, J = 2 x 7.2 Hz) was previously assigned on the basis of their 
interaction with H3a, (7.2, 0 Hz, respectively).  The C2 methylene, H2x (3.64 ppm, dt, J = 10.8, 2 
x 8.4 Hz) and H2y (3.18 ppm, ddd, J = 10.8, 9.4 3.7 Hz), appeared downfield as expected.  
However, due to the ambiguity of the coupling values, it was not possible to identify which signals 
were  or .  Therefore, it was necessary to rely on NOE data for further structural elucidation.  
Of course, the large geminal coupling constants of the methylene groups of C2 and C3, 10.8 and 
13.0 Hz, respectively, were readily evident. 
Irradiating H7a, NOE enhancements were shown on H7, H3a, H3, and H2x, Figure 80.  
Since it was known that the ring junction protons, H7, H7a, and H3a were all cis and on the  face, 
as confirmed by strong NOE enhancements, therefore, these weak cross-ring interactions indicated 
similar  stereochemistry.  Therefore, H2x was identified as H2.  Knowing the identity of the  
protons, afforded easy identification of the  hydrogens through the process of elimination, thus 




Figure 80:  NOE correlations for -epoxide 589 
 
However, based upon the potentially ambiguous geometry of the epoxide region, (e.g., the 
observed coupling constants), this assignment remained tentative at this early stage.  The full 1H 




























Figure 81:  -epoxy-[5,5,6]-DA cycloadduct 589 1H NMR shifts and coupling constants in CDCl3 
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Figure 82:  Numbering system for -epoxy-[5,5,6]-DA cycloadduct 588 
 
After this assignment of the stereochemistry of the “minor” product, as -epoxide, we now 
sought to determine the structure and stereochemistry of the “major” epoxide, Figure 82.  Due to 
the rigid fused ring structure inherent in the [5,5,6]-DA cycloadduct framework, the ring junction 
Hs are on the  face and, once again, the logical starting point for the structural and stereochemical 
determination for the “major” epoxide, 588.  From the 1H NMR spectrum, H7 (4.78 ppm, td, J = 
2 x 7.8, 6.4 Hz), showed a 7.8 Hz coupling to H7a (4.11 ppm, t, J = 2 x 8.4 Hz), and H7a exhibited 
an 8.8 Hz coupling from decoupling experiment, (8.4 Hz from t) to H3a (2.90-2.84 ppm, m)  These 
results are reasonably similar to those of the “minor” epoxide, and the initial cycloadduct, Figure 
83. 
 
Figure 83:  -epoxy-[5,5,6]-DA cycloadduct 588 ring junction couplings 
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The peaks of the pyrrolidine ring methylene groups are very similar in each of [5,5,6]-DA 
cycloadduct products, so the determination of the C2 and C3 protons was relatively simple, so the 
C2 and C3 signals were readily identified, (refer to the “minor” epoxide determination for 
methylene peak identification, Section 4.6.5).  The C2 and C3 protons both appear as 
diastereotopic methylenes; H2x at 3.90 ppm (ddd, J = 11.8, 7.7, 1.7 Hz).and H2y at 3.14 ppm (ddd, 
J = 11.8, 10.1, 6.4 Hz).  The C3 protons appeared, as usual, upfield with H3x appearing at 2.19 
ppm (dddd, J = 12.6, 7.6, 6.4, 2.0 Hz) and H3y at 1.75 ppm (dtd, J = 12.6, 2 x 10.1, 8.1 Hz).  
However, the coupling constants for the 5-membered pyrrolidine ring were not adequately 
differentiated to allow a definitive determination of the stereochemistry of these diastereotopic 
protons.  Therefore, NOE experiments were necessary to prove which protons of C2 and C3 were 
 and , see Figure 83.  While H7 and H7a did not reveal any long-range NOEs, H3a provided the 
necessary enhancements to establish the stereochemistry of the pyrrolidine ring.  As a benchmark, 
H3a showed a 1.81% enhancement and 0.67% enhancement to H7a and H7, respectively.  For the 
protons of C3, both showed NOE enhancements; that of 0.52% (H3y, 1.75 ppm), and 1.1% (H3x, 
2.19 ppm). From these data, the former was assigned as H3 and the latter as H3.  As expected, 
only one proton on C2 showed an NOE enhancement, 1.2%, indicating that the proton at 3.14 ppm 
(H2y, ddd, J = 11.8, 10.1, 6.4 Hz) was the C2 proton, Figure 84. By the process of elimination, 




Figure 84:  Key NOE enhancements of H3a in -epoxy [5,5,6]-DA cycloadduct 588. 
The coupling pattern for the pyrrolidine ring was a simple matter after determining the 
topology via NOE experiments, and was determined directly from the 1H NMR data without need 
for more complicated experimentation.  However, detailed analysis of visible couplings is 
warranted. 
Each methylene appears as follows:  H2 (3.90 ppm, ddd, J = 11.8, 7.9, 1.9 Hz) and H2 
(3.14 ppm, ddd, J = 11.8, 10.1, 6.4 Hz); H3 (2.19 ppm, dddd, J = 12.6, 7.6, 6.4, 2.0 Hz) and H3 
(1.75 ppm, dtd, J = 12.6, 10.1, 10.1, 8.1 Hz).  In each case, the geminal coupling was readily 
evident — 11.8 Hz for C2 and 12.6 Hz for C3.  For H2 the remaining 7.9 and 1.9 Hz couplings 
most closely corresponded to H3 with 8.1 Hz and H3 with 2.0 Hz.  In similar fashion, the 
remaining 11.8 and 6.4 Hz couplings of H2 were paired with H3 with 10.1 Hz and H3 with 








respectively, and these could only correlate to the H3a ring junction proton (2.90-2.84 ppm 
multiplets).  While the intermediate coupling values of cis-trans interactions in 5-membered rings 
are typically problematic, the H3-H3a 10.1 Hz coupling clearly identifies a pseudo-diaxial 
relationship.  This was confirmed by HOMODEC studies.  This observation is somewhat 
intriguing and all prior [5,5,6] systems this value is close to 0 Hz indicating approximate 90° angle, 
e.g., the minor epoxide.  Clearly, the epoxide perturbs the overall confirmation resulting in this 
novel alignment, Figure 85. 
 
Figure 85:  Major -epoxy-[5.5.6]-cycloadduct A ring coupling constants 
 
Since it was tentatively established that the “minor” product was the  epoxide, the “major” 
isomer was assumed to be a -epoxide.  Therefore, the epoxide protons areon the lower face, and 
it is from epoxide proton, H5, that the stereochemistry of the cyclohexane ring was finally 
determined.  Due to peak overlap and occlusion (H4 with H2), and 2nd order effects (H5), no 
coupling constants for H4 or H5 could be determined directly, however, crucial information could 
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be gleaned from HOMODEC experiments.  Upon simultaneous irradiation of H6x, and H6y (along 
with H3, H5 revealed a sole 3.9 Hz coupling to H4, and the irradiation of H3a and H3 led to a 
reciprocal 3.9 Hz coupling from H4 to H5 (H3 was irradiated to collapse the overlapping H2 
signal sufficiently to allow analysis, in part, of the H4 signal.) 
To ascertain the coupling of H5 to the two protons on C6, additional HOMODEC 
experiments were necessary.  When H7 was irradiated, H6x (2.37 ppm, ddd, 15.3, 6.4, 3.9 Hz) lost 
its 6.4 Hz coupling.  Eliminating the large geminal coupling, it was apparent that H6x shared a 3.9 
Hz coupling with H5; in similar fashion, H6y (2.12, ddd, J = 15.3, 7.7, 1.8 Hz) revealed a 1.8 Hz 
coupling with H5.  With the aid of a molecular model, it was found that it was impossible for H6x, 
to assume a dihedral angle correlating to the remaining 6.4 Hz coupling with H7, while maintaining 
a 1.8 Hz coupling from H6y to H5.  Therefore, H6x was tentatively assigned as H6, and H6y, 















Figure 86:  Major -epoxy-[5,5,6]-cycloadduct cyclohexane oxide ring coupling constant assignment 


























4.6.7 Direct Meinwald Rearrangement of Epoxide to Ketone 
4.6.7.1 Introduction to the Meinwald Rearrangement 
The Meinwald rearrangement, eponymously named after Jerrold Meinwald of Cornell 
University, is a reaction where an oxirane is rearranged to the corresponding ketone or aldehyde, 
most commonly promoted by Lewis acids.283  The "traditional" promoter used is BF3.OEt2,284-286 
but there are numerous examples of alternative Lewis acids287-292 or Pd0 reagents.293-296 
In Meinwald rearrangements promoted with BF3, the mechanism is initiated through 
complexation of the Lewis acid with the oxirane oxygen, which then encourages ring opening.  In 
the case of an unsymmetrical epoxide, as in Scheme 167a, where R1 is either alkyl or aryl and R2 
is H, the ring will open in accordance with Markovnikov's Rule, producing the more stable 
carbocation.  The carbonyl will then form simultaneously during a 1,2-hydride shift, providing the 
aldehyde in preference to the ketone.  When R1 and R2 are equivalent, in the sense of both alkyl or 
both aryl, as in Scheme 167b, there may be a only a slight preference for carbocation formation at 
one of the epoxide termini, so the issue of low regioselectivity arises.  This will be determined 
chiefly by electronic factors due to carbocation stabilization.  There is a final, albeit undesirable, 
pathway, where a fluoride will transfer from the Lewis acid to the carbocation, resulting in a 
fluorohydrin, Scheme 167c.297  BF3 is preferable to BCl3 for this reason, as the latter has a greater 
propensity to participate in halohydrin formation, and, therefore, in the subsequent lowering of the 




Scheme 167:  General BF3–promoted Meinwald rearrangement mechanism 
 
The Meinwald rearrangement is best suited for unsymmetrical oxiranes, or epoxides 
possessing an adjacent aromatic substituent, as these will produce one regioisomer routinely in 
yields of 90% or above.  This is due to the high stability of the carbocations formed, which are 
greatly stabilized through delocalization of the positive charge throughout the aromatic ring.  
However, it may be possible to select for one regioisomeric ketone to some degree with 
“symmetrical epoxides” in the case of fused ring structures, such as our tricycle 569, but there is 
also the specter of ring expansion/rearrangement through the relief of ring strain via competing 
1,2-alkyl shifts.  Clearly, this will be highly dependent upon the stereoelectronic preferences of 
the epoxide involved. 
 
4.6.7.2 Direct Conversion of Epoxides to Ketones: Attempted Meinwald Rearrangement 
Hoping that the stereoelectronic properties of the "major" -epoxide 588, would favor the 
desired ketone 576, a speculative Meinwald rearrangement was attempted using BF3 as the Lewis 
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acid in DCE at reflux, Scheme 168.  To our surprise, this proved successful!  However, although 
only a single desired product was formed, it proceeded in low yield (< 25%) routinely, and to a 
maximum of 41% after extensive attempts at optimization.  Unfortunately, it is possible that side 
reactions may result in degradation and/or polymerization298, and a number of experiments were 
performed to determine if this was the case. 
 
 
Scheme 168:  Preliminary Meinwald Rearrangement of "major" -epoxide 
 
4.6.8 Structural Elucidation of 4-Oxo-DA Cycloadduct, 576 
Initial TLC analysis of the reaction showed a new product with a slightly lower Rf  (0.23 
in 1:19 acetone/DCM, as opposed to 0.26 of the starting material).  1H NMR in CDCl3 showed this 
to be clearly distinct from the original starting material.  The oxirane protons, H4 and H5, were 
now absent, while the total number of protons remained constant (11H), as to be expected.  The 
IR spectrum now showed the presence of a C=O stretch at 1709.4 cm-1, in addition to the carbamate 
C=O stretch at 1743.9 cm-1.  The CH-X region showed four signals, corresponding to 4H total.  
These included the typical H7 and H7a ring junction protons, and the two C2 protons in their usual 
location.  Seven signals remained unassigned – presumably H3a, and the methylene protons of C3, 
C5, and C6, Figure 88.  13C, including APT, showed the appearance of a downfield signal at 
208.4, presumably of the newly-formed carbonyl, and the persistence of the carbamate C=O 
signal at 160.3, while the 2D 1H-13C gHSQC showed the presence of four sets of diastereotopic, 
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geminal protons.  Finally, mass spectrometry yielded a parent mass ion of [M+H]+ 182.0840 amus.  
The crucial question of overall regioselectivity remained — was this new ketone the desired 4-oxo 
or 5-oxo regioisomer? 
 
Figure 88: Numbering system for 4-ketone 576 and 5-ketone 577 
With a gross structure proposed, 1H COSY was used to establish precise connectivity.  
There were four signals in the CH-X region with the most downfield being a dm at 5.06 ppm (J = 
8.1 Hz), characteristic of H7.  This signal was cross-coupled with only one other signal in the CH-
X region, clearly indicating H7a (4.35, t, J = 2 x 7.6 Hz).  Following the ring junction further, 
H7a was found to be coupled to only one other signal at 2.71 ppm (td, J = 2 x 7.5, 2.7 Hz).  This 
signal could only be H3a, and through the process of elimination, left coupling constants of 7.5 
and 2.7 Hz assigned to H3x (2.65-2.59, m) and H3y (2.10, dq, J = 13.4, 3 x ~2.1 Hz, 1H).  
However, given the spurious nature of these signals definitive assignment could not be 
corroborated at this time.  The remaining 7.5 Hz coupling closely reciprocated to the coupling 
constant of 7.6 Hz from H7a.  This observed connectivity tentatively bolstered the supposition that 
this compound was desired 4-oxo regioisomer 576.  If so, continuing along the cyclohexanone ring 
in a clockwise direction from H7 should reveal an isolated CH2-CH2.  H7 was indeed coupled to 
the H6y proton at 2.20 (tdd, J = 2 x 13.0, 5.4, 2.1 Hz) most likely by 2.1 Hz, but H6x was occluded 
by H5y, appearing together as overlapping multiplets at (2.47-2.41, m, 2H), preventing a deeper 
structural elucidation.  Finally, H6y displayed coupling to H5x, (5.4 Hz), with reciprocation by 
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H5x (2.53, dd, J = 13.5, 5.7 Hz) of 5.7 Hz, Figure 89.  The lack of further couplings indicated 
adjacency to the C4 carbonyl.  Therefore, this observed connectivity confirmed the C4-
cyclohexanone regioisomer as desired.  However, the axial/equatorial nature of each proton, and 
its assigned topology, required further analysis. 
 
Figure 89:  Initial COSY connectivity of 4-oxo-[5,5,6]-cycloadduct and readily observable couplings 
 
Having elucidated the connectivity of the cyclohexanone ring, the remaining C2 and C3 
methylene protons could be assigned.  Again, examining the COSY correlations of H3a, 
interactions with both H3 protons were as previously noted, and H3x (2.65-2.59, m), and H3y 
(2.10, dq, J = 13.4, ~8.2 Hz), both show cross-coupling with H2x (3.62, dt, J = 11.4, 2 x 7.7 Hz) 
and H2y (3.16, ddd, J = 11.5, 9.2, 4.5 Hz).  With the overall connectivity thus established, and 
each signal assigned, analysis of coupling constants could ensue. 
H7 (dm, J = 8.1 Hz, 1H) could not be used to determine the relative topology of the two 
diastereotopic H6 protons, as the interactions with both H6x/H6y were evidently small, as 
demonstrated by the H6y value of 2.1 Hz as observed.  This suggested an equidistant orientation 
of the two H6 protons with respect to H7.  (Further analysis of the dm of H7 later revealed a 2.5 
and 2.6 Hz coupling to these H6 protons). 
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However, upon examination of models, the orientation of H6y in relation to the H5 protons 
could be ascertained.  The geminal H6 coupling was 13.0 Hz (from H6y on 1H NMR), and 
irradiation of H5x (2.53, dd, J =13.5, 5.7 Hz) in a HOMODEC experiment removed the 5.5 Hz 
coupling of the H6y signal..  Furthermore, H5x appears to show a 13.0 Hz interaction with H6x, 
suggesting a diaxial relationship.  Unfortunately, due to the superposition of H5y and H6x no direct 
coupling of these signals were observable.  Overall, these values could be interpreted if the C5 and 
C6 protons of the cyclohexanone ring adopt a staggered conformation. Although there are two 
possible C5-C6 diaxial conformations, only one is possible, where H5y and H6y are axial (the 
conformation where H5x and H6x are axial leads to a diaxial relationship between H7 and H6x, 
and is not supported by the coupling data).  Given this information it was possible to assign the 
topology of the cyclohexanone ring protons:  H5x as H5, H5y as H5, and for the C6 protons, 
H6x as H6, and H6y as H6, Figure 90. 
 
Figure 90:  Assignment of diastereotopic methylene protons of the cyclohexanone ring of [5,5,6]-DA adduct 
 
All that remained was to assign the spatial orientation of the pyrrolidine ring methylene 
protons of C2 and C3.  H2y (3.16, ddd, J = 11.5, 9.2, 4.5 Hz, 1H), showed a geminal coupling of 
11.5 Hz to H2x (3.62, dt, J = 11.4, 2 x 7.7 Hz), and a coupling of 4.5 Hz to one of the H3 protons.  
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The remaining coupling constant of 9.2 Hz was then assigned to H3y ( J = dq, J = 13.4, 3 x 
~8.2 Hz, 1H).  Proceeding on to H2x (3.62, dt, J = 11.4, 2 x 7.7 Hz, 1H), the 11.4 Hz coupling 
matched the 11.5 Hz geminal coupling from H2y (3.16, ddd, J = 11.5, 9.2, 4.5 Hz, 1H), while the 
two remaining couplings must be assigned to H3x/H3y.  One of the 7.7 Hz couplings showed 
reciprocation from H3y at a resonance frequency of 8.2 Hz, a reasonable correlation.  Although 
H3x appeared as a multiplet at 2.65-2.59, this must contain the remaining 7.7 Hz coupling in 
H2x. 
It was now only necessary to establish the relationship with H3a.  As stated previously, 
H3x was a multiplet, while H3y appeared as a dq.  As each of the couplings had been assigned 
already, with the exception of an 8.2 Hz coupling in H3y, this implied an 8.2 Hz coupling between 
H3y and H3a (2.71, td, J = 2 x 7.5, 2.7 Hz), as one 7.5 Hz couplings was already assigned to H7a.  
The final 2.7 Hz could only correspond to  the multiplet, H3x.  Based on our previous assignments 
of the pyrrolidine ring it would seem reasonable that H3x with this low value is in fact H3, 
therefore by correlation, H3y is H3, H2x is H2, and H2y is H2, Figure 91. 
 
Figure 91:  [5,5,6]-DA cycloadduct assignment of pyrrolidinone ring topology 
 




Figure 92:  4--oxo-[5,5,6]-DA cycloadduct 576 1H NMR shifts in CDCl3 and coupling constants 
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4.6.9 The Meinwald Rearrangement Attempted Optimization 
Initially, benzene, DCM, DCE, and THF were screened as potential solvents in the 
Meinwald Rearrangement.299 While benzene and DCM/DCE were suitable solvents, THF proved 
to be inadequate, with decomposition and no discernible product by NMR spectroscopy.  DCM 
was ruled out due to its low boiling point, 40 °C, which necessitated the use of a sealed tube for 
reaction under the necessary thermal conditions.  During these early experiments, it was hoped 
that conditions could be found that would maximize the yield of desired ketone 576, so 
experiments were attempted that used a 1:1 solution of benzene/DCM, but solubility issues 
prevented successful reaction; instead neat DCE was selected as the solvent. 
Once DCE was selected as the solvent, the effects of temperature dependence were 
explored.  It was found that at room temperature, there was no reaction after several hours, but 
after 24 hours the starting -epoxide 588 was consumed, and an orange, amorphous solid had 
formed.  At higher temperature, 100 °C, thermally in a sealed tube, the reaction quickly proceeded 
in 15 minutes, presumably, to the same orange material, while at 150 °C under microwave 
irradiation, the orange solid formed within 5 minutes.  Thus, after ruling out low and high 
temperatures, it was found that 75 °C – 85 °C for 1–1.5 hours was optimum.  Investigation of the 
number of equivalents of Lewis acid and concentration were examined, next.  It was found that 
the yield decreased as the either concentration or equivalents of BF3 decreased.  Therefore, the 
best conditions were 3.0 equivalents at a concentration of 0.1M, Table 8.  As to why this 
decomposition took place, it was not clear at this time. 
Table 8:  Effects of Equivalents of BF3 and Concentration Upon Percent Yield of 576 
Compound Equiv. of BF3 Conc., M Isolated Yield 
1	 3.0 0.1 25% 
1	 3.0 0.06 22% 
1	 1.5 0.03 16% 
1	 1.5 0.01 6% 
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Since it is plausible that the oxazolidinone ring might be labile under the Meinwald 
rearrangement conditions, an experiment was performed upon the [5,5,6]-DA cycloadduct to 
examine the effect of BF3 upon the ring in isolation.  This experiment was necessitated, since any 
potential amino alcohol formed during the reaction would have migrated to the aqueous layer upon 
workup, and would not have been detected in the crude proton NMR spectrum.  The starting 
material carbamate 569 was stable to Meinwald conditions, so deprotection of the oxazolidinone 
ring was ruled out as a possible side product, Scheme 169. 
 
Scheme 169:  Reaction of [5,6,6]-DA cycloadduct with Lewis Acid to test self-reaction hypothesis 
 
In an attempt to further determine what side reactions were occurring in the Meinwald 
rearrangement, the 4-oxo tricycle 576 was re-exposed to the standard rearrangement conditions 
and monitored by 1H NMR spectroscopy at 15, 30, and 60 minutes reaction time, as heated in an 
oil bath.  There was no evidence of any further reaction occurring, and pure ketone 576 remained 
the only compound present, Scheme 170. 
 
 




4.6.10 Other Attempted Rearrangements 
Not being satisfied with the low yield of the Meinwald rearrangement, (no greater than 
25%), other methods of direct ketone formation from the epoxide were attempted.  Scheme 171 
lists the various reaction conditions employed, all drawn from the literature.  Initially, Pd0 reagents 
were used,293-296, 300 Scheme 171a, but none provided any product, and the reactions were 
hampered by the decomposition of the catalysts.  With no success with the palladium reagents, it 
was decided to try the rearrangement with AuIII Lewis acids in Scheme 171b, using AuCl3/AgSbF6 
and NaAuCl4, respectively, both in 1,4-dioxane as the solvent.  However, both reactions failed to 
produce any desired product after repeated attempts.287  Continuing with other Lewis acids —
Er(OTf)3,288 methylaluminum bis(4-bromo-2,6-di-tert-butyl-phenoxide) (MABR),292 and 
Sc(OTf)3301 — all failed to show any reaction product, Scheme 171c.  In Scheme 171d the utility 
of HFIP302-307 was investigated by initially attempting the rearrangement in the highly polar 
perfluorinated isopropanol, then under standard Meinwald Rearrangement conditions using HFIP 
as the solvent instead of the usual DCE.  Once again epoxide 588 proved to be unreactive under 
the reaction conditions used. 
Since no method but the BF3 had produced any product to date, it was decided to try two 
unorthodox methods found in the literature.  While these two particular reactions appeared to be 
substrate-specific, these attempts seemed feasible.  Also, in Scheme 171d, compound 588 was 
refluxed in deuterochloroform in the presence of tetramethylsilane, and monitored by 1H NMR 
spectroscopy.  Rearrangement failed to occur, which was not wholly unexpected considering the 
highly specified structure of the literature example.308  Similarly, treatment with silica gel failed 
to produce rearrangement.  In Scheme 171e, protonation of the epoxide oxygen was attempted 
using TsOH in benzene at reflux. While the reaction failed to produce the desired product, it at 
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least reacted, yielding what appeared to be a mix of the mono-alcohol tosylates 590 and 591 
(stereochemistry not ascertained).  These products were not investigated further, despite the 
intriguing result, as they were not useful in our synthesis. 
An additional set of experiments using the "major" -epoxide 588, Scheme 171f, was 
performed using the promising Lewis acid, B(PhF5)3.309  All experiments were run using 10 mol 
% B(PhF5)3 with all conditions held constant with the exception of solvent from room temperature 
to reflux.  These reactions were screened with THF, toluene, DCE, 1,4-dioxane, and PhCF3, from 
room temperature to reflux, but all failed to react with the epoxide.  (Consequently, BF3.OEt2 using 
PhCF3 as the solvent was also attempted, but not listed here, as the results will be discussed later.) 
Finally, two reactions were attempted using "minor" -epoxide 589 for comparison, in 
Scheme 171g.  The Pd(OAc)2 and AuCl3/AgSbF6 reactions were revisited, but epoxide 589 failed 
to react under the given conditions as well.  With these disappointing results in hand, we returned 





Scheme 171:  Reaction of epoxides 588 and 589 with various reagents 
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Since none of the variations in Lewis acid or solvent had proved to provide a viable 
alternative to BF3, except for the promising results in PhCF3 as previously mentioned above, it 
was decided to investigate these reaction conditions further. 
The initial reaction, Scheme 172, was run at a concentration of 0.05 M, and at 105 °C for 
1 hour, with 2.5 equivalents of BF3.OEt2.  The higher than usual temperature and moderately low 
concentration were chosen in hopes of a quick conversion to product, and the avoidance of the 
formation of side products during a short reaction period.  Unfortunately, this was not the case, but 
ketone 576 was produced on a scale similar to that of the average BF3/DCE methodology.  When 
the reaction was run at 75 °C with all other variables held constant, the yield increased to 41%. 
While this is a great improvement over the previous yield using the earlier methodology, (25%), 
it was still less than ideal. 
 
Scheme 172:  Meinwald reaction using (trifluoromethyl)benzene as a solvent. 
In stark contrast, all similar attempts to rearrange the minor -epoxide 589 to ketone 576 
were unsuccessful.  This possibly reflects the more hindered endo environment on the concave 
face, Scheme 173. 
 
Scheme 173:  Attempted Meinwald rearrangement of "minor" -epoxide 
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Therefore, given the only moderate success of our direct Meinwald rearrangement, an 
alternative two-step approach was investigated. 
 
4.6.11 Alternative Two-step Approach to Ketone  
4.6.11.1 Reductive Opening of Epoxide/Oxidation 
We were then forced to considered alternative pathways to the required ketone.  Ideally, 
the best alternative to the epoxidation-rearrangement of DA tricycle 569 would be selective 
reductive opening of the epoxide to 4-hydroxy tricycle 586.  Subsequent oxidation would afford 
the required 4-ketone 576, since by now, a large quantity of both - and -epoxide, 589 and 588, 
was on hand, this alternative approach was deemed feasible, Scheme 174. 
 
Scheme 174:  Alternative two-step pathways to 4- and 5-oxo products from [5,5,6]-DA cycloadduct 
 
In the third and final adaption of the Uenishi series279 (see Section 4.6.3), the viability of 
the route from alkene 569 to ketone 576 via the conversion of epoxide 588 to alcohols 586 and 
252 
 
587 was explored.  "Major" -epoxide 588 was subjected to reduction with 1.2 equivalents of 
DIBAL-H in THF, starting at 0 °C and allowed to warm to rt.310  The crude NMR spectrum showed 
little reaction, although there were two peaks between 8.0 and 9.0 ppm, indicative of the possible 
presence of amine protons due to deprotection of the oxazolidinone ring.  The proton NMR 
spectrum of the crude residue showed essentially pure epoxide 588 with less than 2% conversion 
to desired alcohol 586, along with an unspecified amount of highly polar side products.  Since the 
original reaction conditions failed to promote the opening of the oxirane ring to the alcohol, the 
next trial was executed at room temperature, then brought to reflux.  Unfortunately, upon workup, 
TLC plates eluted in high polarity eluents showed conversion of 588 to spots of low Rf, but no 
evidence of the desired mono-alcohol 586.  These data suggested that the DIBAL-H preferentially 
attacked the carbamate of the oxazolidinone ring while leaving the oxirane ring essentially 
unreacted, Scheme 175.  This possibly occurs due to a lower energy of activation resulting from 
delocalization of the formed positive charge on the carbamate. 
Crude NMR was suggestive of oxazolidinone cleavage rather than epoxide opening. 
 
 
Scheme 175:  Failed hydride-promoted epoxide opening of [5,5,6]-Diels-Alder cycloadduct -epoxide 588 
 
After the failure of the previous attempts to convert the Diels-Alder cycloadduct 569 or the 
major product of the mCPBA epoxidation reaction, -epoxide 588, to alcohols 586  and 587, it 
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was decided to investigate the selective hydride source, SuperHydride, (lithium 
triethylborohydride), in an attempt to access the alcohol regioisomers.311  The reaction was 
initiated at room temperature but failed to react after 24 hours with 2 equivalents of SuperHydride, 
so then it was brought to reflux after an additional 2 equivalents of SuperHydride were added.  
Unfortunately, epoxide 588 proved to be inert to these reaction conditions and essentially returned 
unreacted epoxide, Scheme 176.  We hypothesized this was due to topology, as 588 is bowl-




Scheme 176:  Attempted hydride-promoted oxirane opening of "major" -epoxide 588 
 
In order to test the hypothesis, the reaction was repeated with "minor" -epoxide 589 at 
room temperature, followed by aqueous workup with water, and extraction with 
chloroform/isopropanol  (2:1).  While the SuperHydride did open the epoxide ring based on crude 
NMR, it also appeared to reduce the carbonyl of the oxazolidinone ring, as evidenced by the 
disappearance of the C=O signal at 160.4 ppm on the 13C NMR spectrum.  Although a small 
quantity of the two alcohol regioisomers were formed, the majority of the mass balance consisted 
of high polarity side products, presumably resulting from the reduction of the oxazolidinone ring.  
Assuming that the unwanted reduction was temperature dependent, and had a higher energy of 
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activation than the desired hydride-mediated epoxide ring opening, the experiment was repeated 
at 0 °C to 15 °C for three hours.  As in the previous reaction, there was still some reduction of the 
carbamate carbonyl, so the reaction was repeated at 0 °C throughout.    Based on these results, the 
reaction was performed 0 °C.  At this lower temperature, the side reactions were reduced to a 
minimum and provided an overall 53% yield of two regioisomeric alcohols in 1.4:1 ratio, along 
with 16% recovered starting material, Scheme 177.  
The two regioisomers 586 and 587 were difficult to separate through flash column 
chromatography when eluted using common solvent systems, showing little separation.  
Purification using i-PrOH/DCM was an improvement but still failed to provide a clean proton 
NMR spectrum of either product regioisomer.  After several modifications to the column 
chromatography protocol, it was found that a 1200:1 silica gel/crude product ratio using an i-
PrOH/Et2O solvent system provided complete separation of alcohols 586 and 587. 
 
 
Scheme 177:  Hydride-promoted oxirane opening of "minor" -epoxide 589 
 
4.6.12 Structural Elucidation of "Major" 5--Hydroxy DA Cycloadduct, 587 
Initial TLC analysis of the reaction showed two new products with lower Rfs (0.33 and 
0.25 in 1:19 i-PrOH/DCM).  As will be seen, the less polar spot corresponded to alcohol 587, and 
the IR spectrum showed the presence of a broad, strong absorbance at 3432 cm-1 not found in the 
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IR of -epoxide 589.  1H NMR showed this to be clearly distinct from the original starting material 
with the total number of proton signals increased from 11H to 13H.  The CH-X region showed 
five signals (total integral of 5Hs), which contained the characteristic H7, H7a, and the two H2 
methylene protons.  The fifth signal (3.96-4.04 ppm), was tentatively labeled as H5, and was 
shifted considerably downfield as expected of a 2° hydroxyl methine. It also showed increased 
splitting to a multiplet from a triplet as found in epoxide 589.  The methylene envelope showed 
five multiplets, 7H total, corresponding to the two H3, two H4, two H6 protons, and the H3a ring 
junction proton, Figure 93.  13C showed the absence of the two epoxide methine signals (53.3 and 
50.3 ppm), replaced by a downfield signal at 64.9 ppm.  Finally, mass spectrometry yielded a 
parent ion mass of [M+Na]+, 206.0805 amus, corresponding to the desired compound. 
 
 
Figure 93: Numbering system for 5--hydroxy DA cycloadduct 589 
 
With a gross structure proposed, 1H COSY was used to establish precise connectivity.  
There were five signals in the CH-X region with the most downfield being a dt (J = 8.0, 2 x 4.0 
Hz) at 4.92 ppm, once again, characteristic of H7.  This signal was cross-coupled with only one 
signal in the CH-X region, thus identifying H7a (3.94 ppm, app. t, J = 7.4 and 5.7 Hz), the former 
value corresponding to the 8.0 Hz coupling in H7.  Following the ring junction further, H7a was 
found to be coupled to only one other signal at 1.59–1.54 ppm (m, 1H). This multiplet could only 
256 
 
be H3a, as confirmed through a HOMODEC experiment, closely corresponding to the reciprocal 
value of 5.7 Hz, Figure 94. 
 
 
Figure 94:  Ring junction couplings in [5,5,6]-cycloadduct 5-alcohol 587 
 
The pyrrolidine ring C2 and C3 methylene protons now could be assigned.  Again, 
examining the COSY correlations of H3a, there were interactions with both H3 protons, H3x 
(2.19-2.04, occluded multiplet, 3H), H3y (1.87 ppm, dddd, J = 10.8, 8.5, 4.2, 2.3 Hz).  These both 
showed cross-coupling with H2x (3.70, ~dt, J = 11.2, 8.1, 7.4 Hz) and H2y (3.20, ddd, J =11.5, 
9.2, 4.1 Hz) in the CH-X region.  It remained to assign the spatial orientation of protons.  H2y 
(ddd, J = 11.5, 9.2, 4.1 Hz), showed a geminal coupling of 11.5 Hz to H2x, and a coupling of 4.1 
Hz to one of the H3 protons, H3y; this was reciprocated with a 4.2 Hz coupling.  The remaining 
coupling constant of 9.2 Hz was then assigned to H3x.  Proceeding on to H2x (~dt, J = 11.2, 8.1, 
7.4 Hz), the 11.2 Hz coupling coincided well with the 11.5 Hz geminal coupling from H2y, while 
the two remaining couplings were tentatively assigned to H3x/H3y.  The 8.1 Hz coupling showed 
reciprocation from H3y at a resonance frequency of 8.5 Hz, leaving the remaining coupling (7.4 
Hz) to be assigned to H3x through a process of elimination.  The only unassigned interaction left 
was the 2.3 Hz coupling constant of H3y, which must be to ring junction proton, H3a.  This 
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interaction was used to definitively identify these four diastereotopic methylene protons.  Due to 
rotational constraints imposed by the tricyclic ring structure of 587, a 2.3 Hz coupling constant 
was only possible if H3y was in the  position, as seen previously.  Therefore, H3x must be 
H3and the remaining protons were assigned, 2x as H2, and H2y as H2.  This assignment 
was corroborated through comparison to the assignment of the pyrrolidine ring protons of the 
minor -epoxide precursor, 589.  Even though the key coupling between H3 and H3a could not 
be directly discerned due to overlapping signals in multiple solvents, coupling patterns for this ring 










Figure 95:  5--hydroxy-[5,5,6]-DA cycloadduct 587 pyrrolidine ring coupling constant assignments 
 
Proceeding along the cyclohexanol ring in a clockwise direction from H7, there was cross-
coupling to both H6 protons.  Unfortunately, H7 (dt, J = 8.0, 2 x 4.0 Hz) could not be used to 
absolutely determine the topology of the two diastereotopic H6 protons, as the interactions 
between H7 and H6x/H6y were equivalent, suggesting an equidistant orientation of these protons 
with respect to H7.  In addition, H6x/H6y appeared together as a multiplet at 1.99-2.33 ppm.    
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However, the orientation of H4y (1.12 ppm, ddd, J = 13.9, 11.7, 9.2 Hz), in relation to H3a could 
be ascertained.  Unfortunately H5 itself appeared as a multiplet at 3.96-4.04 ppm and thus yielded 
no direct information.  Nevertheless, the H4 geminal coupling was 13.9 Hz, and irradiation of H5 
in a HOMODEC experiment left an 11.7 Hz coupling to H3a.  This strongly suggested that H4y 
assumes a pseudo-diaxial orientation to H3a, and therefore, would be assigned as H4.  
Consequently, the remaining 9.2 Hz coupling must be to H5, suggesting a similar trans 
arrangement with H5 on the upper face.  This was no surprise due to the expected SN2 opening of 
the -epoxide.  This axial/axial interaction places the 5-hydroxyl in the expected equatorial 
position on the -face.  Utilizing 1H spectra attained in both CDCl3 and C6D6, along with 
HOMODEC experiments, the coupling constants of the H6 protons were elucidated.  In particular, 
H6x now appeared as a distinct signal in benzene-d6, (1.53 ppm, dt, J = 15.6, 2 x 3.5 Hz), greatly 
aiding in analysis.  After considering the 15.6 Hz geminal coupling, the two remaining 3.5 Hz 
couplings suggest H6x is trans-diequatorial to both H5 and H7, and therefore on the -face.  
Consequently, H6y was assigned as H6.  These coupling constants suggested the cyclohexanol 
ring exists as a twist boat with H3a and H6y in the flagpole positions, but additional experiments 

































Figure 96:  5-hydroxy-[5,5,6]-Cycloadduct  587 cyclohexanol ring couplings 
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These key couplings are depicted in 3D as modeled below, Figure 97, and full 1H NMR data and 
assignments tabulated in Figure 98, below.  It is important to note this structural assignment as 5-
-hydroxy provides definitive confirmation of the minor epoxide stereochemistry as . 
 
 

























Figure 98:  5--hydroxy DA cycloadduct 587 1H NMR shifts in CDCl3 and C6D6, and coupling constants 
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4.6.13 Structural Elucidation of "Minor" 4--Hydroxy DA Cycloadduct, 586 
Initial TLC analysis of the reaction had shown two new products with lower Rfs (0.33 and 
0.25 in 1:19 i-PrOH/DCM).  The uppermost spot presumably corresponded to regioisomeric 
alcohol 586, and the IR spectrum showed the presence of a broad, strong absorbance at 3421 cm-1 
not found in the IR of -epoxide 589.  1H NMR in CDCl3 showed this to be clearly distinct from 
both the original starting material and the major 5-hydroxy isomer, while the total number of 
protons increased from 11H to 13H in 586.  The CH-X region showed three signals (total integral 
of 5Hs), which contained the characteristic H7, a multiplet containing H7a, H4, H2x, and a td 
presumed to be H2y.  The H4 proton had shifted considerably downfield, past the signal for H7a, 
possibly indicative of the proton of the expected 2° hydroxyl group.  It also showed splitting to a 
broad, Gaussian multiplet from the simple doublet found in epoxide 589.  Further upfield, the 
methylene envelope showed three signals, 8H total, corresponding to the remaining two H3, two 
H5, two H6, H3a, and R-OH protons, Figure 99.  Finally, mass spectrometry yielded a parent ion 
mass of [M+H]+, 184.0971 amus. 
 
 
Figure 99: Numbering system for 4--hydroxy DA cycloadduct 586 
 
With a gross structure proposed, 1H COSY was used to establish precise connectivity.  
There were three signals in the CH-X region with the most downfield being a ddd at 4.75 ppm (J 
= 8.2, 4.1, 2.1 Hz), once again, characteristic of H7.  This signal was cross-coupled with only one 
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signal in the CH-X region, identified as H7a (occluded in m, 4.05-3.94 ppm, 3H).  However, the 
cross-coupling to both H6 protons in this case was not apparent.  Following the ring junction 
further, H7a was found to be coupled to only one other signal at 2.69 ppm (m, 1H), presumably 
H3a.  COSY in C6D6 was used to confirm this initial assignment, as this shifted the signals to allow 
characterization of H7a (3.11 ppm, t, 2 x 8.7 Hz) and H3a (1.86 ppm, ~p, 4 x 8.3 Hz).  Likewise, 
H3a also showed cross-coupling to H7a, and the H3x multiplet at 1.41-1.33 ppm, as expected.  No 
coupling to H3y (1.25-1.27 ppm, m) was observed, presumably due to an approximate 90° angle.  
The remaining correlation from H3a was presumably the new H4 signal (broad singlet within 3.94-
4.05 ppm.)  Continuing along the cyclohexanol ring in a counterclockwise direction, H4 was 
coupled to the H5x multiplet at 1.21-1.14 ppm and H5y in the multiplet at 0.90-0.87 ppm.  Finally, 
both H5 protons showed cross-coupling to H6x (1.69 ppm, dm, J = 15.5 Hz) and H6y (0.83-0.77 




Figure 100:  Initial connectivity of cyclohexanol ring of [5,5,6]-cycloadduct 4-alcohol 586 
 
Having elucidated the connectivity of the cyclohexanol ring, the remaining signals, C2 and 
C3 methylene protons (4H total), could be assigned.  Again, examining the C6D6 COSY 
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correlations of H3a, the interaction with H3x was previously noted, and H3x and H3y both show 
cross-coupling with H2x (3.98-3.95 ppm, m, 2H; occluded by H7) and H2y (2.38, td, J = 11.1, 
11.0, 5.6 Hz) in the CH-X region, Figure 101.  With the overall connectivity thus established, and 
each signal assigned, analysis of coupling constants could ensue. 
 
 
Figure 101:  Initial Connectivity for the pyrrolidine Ring of [5,5,6]-Cycloadduct 4-alcohol 586 
 
Detailed analysis of coupling constants from both the CDCl3 and C6D6 spectra of the 
pyrrolidine ring methylene group protons of C2 and C3 commenced.  H2y (td, J = 11.1, 11.0, 5.6 
Hz), showed a geminal coupling of about 11.0 Hz to its partner H2x.  The remaining coupling 
constants of 11 and 5.6 Hz were thus attributed to H3x/H3y.  A series of HOMODEC experiments 
were necessary at this time, as the remaining proton signals were either occluded or multiplets. 
Proceeding on to H2x, an 11.3 Hz coupling coincided well with the 11.2 Hz geminal 
coupling from H2y, while a 7.5 Hz coupling showed reciprocation from H3x at a resonant 
frequency of 7.5 Hz, also.  These data were too ambiguous to determine the topicity, especially 
without coupling information from H3a,or additional NMR experiments.  The topicity will be 









Figure 102:  4--hydroxy-[5,5,6]-cycloadduct 586 pyrrolidine ring topology and coupling constants 
 
It remained to establish the spatial orientation of the cyclohexanol ring protons.  Detailed 
analysis of coupling constants from both the CDCl3 and C6D6 spectra showed a 8.7 Hz interaction 
between H3a and H7a, while a HOMODEC irradiation of the H7 signal (occluded by H2), 
collapsed the H7a triplet to a doublet.  An 8.7 Hz coupling between H7a and H7 was then 
confirmed, thus confirming the expected cis-ring junction.  The corresponding data for H7 in 
CDCl3 (4.75 ppm, ddd, J = 8.2, 4.1, 2.1 Hz) could possibly lead to the tentative establishment of 
the identity of the two diastereotopic H6 protons, as the interaction between H7 and H6x/H6y were 
not equivalent.  Decoupling of H6x (2.20 ppm, dm, J = 15.1 Hz) caused H7 to lose its 2.1 Hz 
coupling.  Therefore the remaining 4.1 Hz coupling was to H6y.   
Unfortunately, these couplings were still too ambiguous to definitively identify the 
topology of H6x/H6y, and consequently, could not be used to determine the spatial relationship of 
H5x and H5y.  Given that the hydroxyl is necessarily  as a result of the SN2 oxirane opening, the 
specific aspect — axial or equatorial — required additional clarification.  Decoupling experiments 
in C6D6 showed that H4 had a 6.9 Hz interaction with H3a, a 10.5 Hz coupling to H5x (therefore 
diaxial), and a 3.4 Hz coupling to H5y (presumably axial-equatorial).  This clearly suggested H4 
was axial, with the C4 hydroxyl held equatorial.  This also led to the assignment of H5x as H5-












Figure 103:  4--hydroxy-[5,5,6]-cycloadduct 586 cyclohexanol ring topology and coupling constants 
 
Both H5 were multiplets in both CDCl3 and C6D6, so decoupling experiments were 
attempted to determine the aspect of H6x/H6y.  Further HOMODEC revealed several small to 
medium couplings between H5 and H6 protons, as shown below in Figure 104.  However, the 









Figure 104:  4--hydroxy-[5,5,6]-Cycloadduct 586 cyclohexanol Ring Assignments from H5 to H7 
 























4.6.14 Oxidation of the Alcohol Regioisomers to Ketones 
Since the 5--hydroxy alcohol 587 was the major product, the PCC oxidation to the 5-oxo 
compound was attempted first. Even though this was the undesired ketone for use in the Fischer 
indole synthesis, having this product would be useful in further confirming that the ketone product 
of the Meinwald rearrangement was the 4-oxo product.  The oxidation of alcohol 587 to ketone 
577 was run in DCM at room temperature using PCC ground with Celite as the oxidant.312  Within 
an hour the reaction was complete by TLC, and product 577 was confirmed by proton NMR and 
COSY on the crude residue.  Crude ketone 577 exhibited a clearly different NMR than that of 4-
ketone 576, as would be expected from the oxidation of --hydroxy regioisomer 587.  A silica 
gel column was run in an attempt to purify 586, but none of the desired compound was retrieved 
from the column fractions.  Although the side product was not isolated (high polarity baseline 
spots on TLC), one possible explanation is that the product was susceptible to -elimination of the 
oxazolidinone ring, forming secondary amine 592.  One proposed mechanism is shown in Scheme 
178a, below, and this is conceivable under both acid or base catalysis. 
In hopes of avoiding this undesirable side reaction upon purification, "Silica-9," a pH-
modified silica gel made by treatment with aqueous sodium bicarbonate, was prepared for use in 
column chromatography and TLC.313  The reaction was run again under the previous conditions, 
and Silica-9 TLC analysis appeared encouraging.  Unfortunately, ketone 577 was apparently also 
base-sensitive, even at pH 9, and the compound also decomposed upon column chromatography.  




Scheme 178:  Proposed rearrangement mechanism for the 5-ketone in basic medium 
The sensitivity of 577 led to a rethink of the workup procedure, which up until that time, 
included a dilute sodium bicarbonate wash.  Since now it was known that 577 was not only acid-
sensitive but base-sensitive as well, the workup was limited to a water wash.  This unfortunate 
finding also presented a highly plausible explanation for the low yield of the Meinwald 
rearrangement.  Presumably, 5-oxo tricycle was forming, but decomposing under the reaction 
conditions.  Could this be the source of the orange biproduct witnessed earlier?  The crude 1H 
NMR spectra of the Meinwald rearrangement reactions did indeed show the presence of minute 
quantities of the 5-oxo compound upon later inspection. 
Nevertheless, based upon the information of the previous reactions, the PCC oxidation was 
run with a mixture of alcohols 586 and 587, and Celite was replaced with crushed flame-dried 3Å 
molecular sieves since it appeared that the Celite was insufficiently separating the PCC tar from 
the products.  After the reaction was complete, the solution was filtered through a Celite plug and 
washed with diethyl ether, then evaporated to dryness.  The somewhat Gaussian 1H NMR spectrum 
of the crude showed the presence of both ketones 576 and 577, and a ratio of 1:2 was noted.  Instead 
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of eluting the crude material through a full-sized column, the crude was run through a very short 
plug of Silica-9.  Upon subsequent analysis of the resulting NMR spectrum, approximately 50% 
of the labile 5-oxo cycloadduct 577 decomposed, Scheme 179.  As a result, ketone 577 is only 
assigned on the basis of this crude data.  In future efforts, use of neutral Alumina and plates or 
specialty pH 7 silica, is recommended.  Furthermore, alternative neutral oxidizing agents, such as 
IBX could be employed.  This is currently the focus of any future efforts. 
 
Scheme 179:  PCC oxidation of mixture of tricyclic alcohols 576 and 577. 
 
In contrast, the reaction of the 4--hydroxy tricycle 586 with PCC under the conditions 
previously described, vide supra, was uneventful.  Unlike the oxidation of the 5-hydroxy 
regioisomer 587, it lacks a competing elimination pathway as found in ketone 577.  The desired 
ketone 576 was thus synthesized from a mixture of alcohols 586 and 587 in approximately 1:4 
ratio, in 17% yield based on overall mass, and, of course, had an identical proton NMR spectrum 
as that obtained from the Meinwald rearrangement of "major" -epoxide 588.  This further 
definitively confirmed the structure of the Meinwald product as the 4-ketone 576. 
 
4.6.15 Structural Elucidation of 5-Oxo-DA Cycloadduct 577 
A full elucidation of the major 5-oxo tricycle 577 could not be accomplished, as the 
compound's lability prevented full characterization within the time constraints provided, but a 
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simple proof of its basic structure was possible.  From the oxidation of a mixture of both the 4- 
and 5-hydroxy cycloadduct, the TLC showed two new spots above the starting material (0.75 and 
0.50 Rf in 1:9 acetone/DCM).  The higher Rf spot was identified as the previously characterized 4-
ketone 576.   The 1H NMR of the new compound showed the expected 11Hs of the oxidized ketone 
from 13Hs in the mono-alcohol 587 and differed considerably from the spectrum of the 4-oxo-
cycloadduct 576, Figure 106. 
 
Figure 106: Numbering system for 5-ketone 577 
 
The basic structure was determined using COSY and 1H NMR spectra.  COSY connectivity 
was utilized to elucidate the identity of 577, as far as possible.  This was hampered by the overlap 
of the H3, H4, and one of the H6 protons and the Gaussian nature of the 1H NMR, although 
important information was gleaned from these imperfect and incomplete data.  Consequently, very 
little meaningful coupling analysis was possible, but overall connectivity could still be established.  
As usual the ring junction proton H7 appeared the farthest downfield, and showed cross-coupling 
to H7a, the next upfield proton, as is typical for these systems, however the cross-coupling between 
H7a and the broad Gaussian signal at 2.32–2.14 ppm, assumed to be H3a, was not apparent on the 
COSY.  H7 also was cross-coupled to a component of the signal at 2.5 ppm (3H).  This signal 
could only be one of the H6 protons, H6y.  This proton was cross-coupled to a downfield doublet 
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at 2.91 ppm, now assigned as H6x.  The H6 protons showed no cross-coupling to any other signal, 
supporting the supposition that this compound was the 5-oxo-cycloadduct. 
Having assigned the general connectivity of the H6 and ring junction protons, the 
remainder were then assigned starting from the C2 protons of the pyrrolidine ring, as they are 
easily identifiable in the cycloadduct system.  H2x (3.79) was cross-coupled to a proton at 3.35 
and was thus assigned as H2y.  H2x also showed cross-coupling to a signal at 1.95–1.82 ppm 
(H3y), which cross-coupled back to the multiplet at 2.53-2.37 ppm (3H), and therefore included 
its partner, H3x.  The remaining proton in the 3H multiplet was assigned as H4x due to the 
crosspeak patterns, and by the process of elimination, the remaining proton in the 2H multiplet at 
1.95–1.82 ppm, by default, was designated H4y, Figure 107. 
 
Figure 107:  1H-1H COSY correlations of 5-oxo-cycloadduct 577 
 
Although coupling constants could not be used to determine the identity of 577, inferences 
could be made from the relative shifts in relation to the previously characterized 4-oxo-cycloadduct 
576.  H7 showed a downfield shift which would be expected with H7 being  to the carbonyl, as 
opposed to that of the 4-oxo compound 576, and H6x appeared much farther downfield than the 
C6 protons in the 4-ketone.  Finally, H6x was a Gaussian doublet, showed no coupling to H7, 
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suggesting a 0° dihedral angle with H7, and that the C6 methylene was isolated from any other B 
ring protons. 
All of these assignments are tentative, and may be subject to revision upon later 
elucidation, especially in relation to those of the overlapping signals in the methylene region. 
However, given the inherent instability of this ketone regioisomer, this may not be possible. 
 
4.6.16 Structural Elucidation of the 4-oxo-DA-cycloadduct 
 This has been described in detail previously, vide supra, Section 4.6.8. 
 
4.7 Fischer Indole Studies:  Attempts to Access Aspidospermidine Analogues 
Aspidospermidine A 554 differs from analogue 570a in one key aspect:  The core structure 
consists of an indoline fused to a [5,6,6]-tricycle, possessing a piperidine D ring, whereas analogue 
570 instead has an oxazolidinone ring.  The one other noticeable difference is that analogue 570 
lacks the n-ethyl side chain present in both aspidospermine and aspidospermidine.  While the two 
structures are quite similar, the smaller 5-membered ring will consequently cause conformational 
changes in the entire structure, and presents itself towards a novel synthetic approach, Figure 108. 
 
 




4.7.1 Stork Aspidospermine/Quebrachamine Syntheses 
Having already succumbed to total synthesis on numerous occasions, and often providing 
a test bed for new synthetic methodologies, a brief review of seminal efforts follows.  In 1963, the 
first total synthesis of (±)-aspidospermine was reported by Stork and Dolfini.245  The key step was 
through a Fischer indolization of CDE tricycle to the aspidospermine ABCDE framework, 
followed by reduction.  Stork found that the reaction of the intermediate ketolactam 593 with m-
methoxyphenylhydrazine 594 in hot acetic acid did not yield desired indolenine 595, but only 
“outside” indole 596.  He postulated that the ketone sp2 center of the lactam ring led to a situation 
where the desired enehydrazine that results in the cyclization to 596 was disfavored due to the 
increased rigidity of the reaction center.  This prevented the enehydrazine sigmatropic 
rearrangement step of the Fischer reaction from attaining the proper -orbital overlap that would 
result in "angular cyclization" of the desired regioisomer, Scheme 180. 
 
Scheme 180:  Stork's attempted Fischer indole synthesis using a ketolactam 
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By reducing the lactam of 593 to the pyrrolidine-cyclohexyl alcohol, and re-oxidizing the 
resulting 2° hydroxyl on the cyclohexyl ring back to the ketone, aminotricycle 597 was formed.  
By reacting 597 with m-methoxyphenylhydrazine 594 under the previously described conditions, 
Stork and Dolfini were now able to synthesize aspidospermine precursor 595, which was followed 
by N-acetylation and reduction to yield (±)-aspidospermine 575.  No yields or ratio of the two 
possible regioisomers were provided.  According to Stork, by eliminating one of the sp2 centers, 




Scheme 181:  Stork's successful Fischer indole synthesis resulting in (±)-aspidospermine 
 
Afterwards, Stork repeated the process utilizing phenyl hydrazine 598 (lacking the 
aromatic methoxy group), and obtained a mixture containing the aspidospermidine precursor 555, 
which was subsequently reductively cleaved in the presence of potassium borohydride, yielding 
(±)-quebrachamine 599, Scheme 182.  No yields were provided.  This curious reductive cleavage 
proved useful later, leading to Aubé's proposed mechanistic explanation of Fischer indolization 




Scheme 182:  Stork's successful Fischer indole synthesis resulting in (±)-aspidospermidine 
 
In 2005, Aubé and coworkers investigated a very similar tricyclic precursor to that of the 
Stork synthesis for use in the Fischer indole synthesis of (+)-aspidospermidine.  This utilized a -
valerolactam D ring farther from the reaction center, as opposed to the -butyrolactam E ring found 
in the previous Stork example 593.  This is also somewhat analogous to our oxazolidinone tricyclic 
precursor 576 in terms of sp2 proximity to the reaction center of the Fischer indole cyclization.  
However, when ketolactam 600 was subjected to Fischer indolization conditions, the desired 
aspidospermidine precursor 601 was not formed in any appreciable quantity.  Instead, 
conformational restraints similar to those present in the Stork ketolactam 593 predominated, and 
“did not prove amenable to a direct Fischer indole synthesis,” Scheme 183.  Could this reaction 
have led to primarily "outside" indole 602? 
 
 




After a three-step protection/reduction/deprotection protocol provided Stork ketone 597, 
Aubé completed the synthesis of (+)-aspidospermidine by a Fischer Indole cyclization and LAH 
reduction of the resultant indolenine 555, (Scheme 179), to yield aspidospermidine 554 in 51% 
yield, with a 13% yield of “outside” regioisomer 603, Scheme 184. 
 
Scheme 184:  Aubé's successful Fischer indole synthesis after reduction of lactam ketone 
These findings of Stork and Aubé werer unfortunately mirrored by our own similar 
observations with oxazolidinone tricycle 576 as delineated below. 
4.7.2 Our Fischer Results 
The synthesis of the aspidospermidine analogue was chosen as a candidate for a "Direct 
Incorporation" approach, utilizing the [5,5,6]-Diels-Alder cycloadduct common precursor.  Once 
a sufficient quantity of the [5,5,6]-cycloadduct 569 was accumulated (approximately 2 grams), the 
preparation of the indole synthesis precursor 12 was undertaken.  The route envisioned, Scheme 
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185, starts with ketone 576.  The Fischer indole reaction would be achieved using phenylhydrazine 
in an acidic medium or with a Lewis acid.314  Following the standard mechanistic pathway, the 
initial phenylhydrazone intermediate would tautomerize to enehydrazine 604a.  From that point, 
the Fischer reaction would continue to provide indolenine 605, through the desired pathway.  This 
will easily be reduced to the indoline yielding the final product, aspidospermidine analogue 570.  
We propose using sodium borohydride instead of the usual LAH due to the lability of ring D, 
which would result in carbamate reduction. 
 
Scheme 185:  Planned Fischer indole synthesis 
 
With a route to oxazolidinone-ketone 576 established (albeit, in low yield), the final step 
of the total synthesis of aspidospermidine analogue 570 was accessible.  The Fischer indole 
synthesis was performed by subjecting ketone 569 to phenylhydrazine hydrochloride 122 with 
TFA as the proton source in DCE at 40 °C for 24 hours, as per procedure by N. Garg’s 
conditions.314  After workup and concentration, the 1H NMR spectrum showed that only one 
product was formed, and upon further spectroscopic analysis, it was identified as “outside” indole 
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605. Following column chromatographic purification, 605 was returned in 67% yield as a white 
solid, Scheme 186. 
 
Scheme 186:  Fischer indole synthesis; attempted completion of aspidospermidine analogue 
 
4.7.3 Structural Analysis of Indole Tricycle 605 
Initial TLC analysis of the reaction showed a new product with a higher Rf (0.47, 1:9 
acetone/DCM).  1H NMR revealed this to be clearly distinct from the original starting material, 
and the total numbers of protons increased from 11H to 14H.  1H and 13C NMR spectra were used 
in the initial assignment. 
As expected, only four aromatic protons were visible, suggesting a successful Fischer 
indolization had taken place.  However, a broad signal at 7.91 ppm was apparent, suggesting a 
potential NH, clearly distinct from the expected imine.  If Fischer indolization had occurred as 
desired, Figure 108a (cycloadduct numbering), the typical four CH-X signals for the C2 methylene 
and the C7/C7a oxazolidinone methines would be distinct.  This would leave the C3, C5, and C6 
methylenes most probably in the methylene envelope region with C5 adjacent to the imine, most 
downfield.  Furthermore, the C2 and C3 methylenes would be in isolated spin systems due to the 
quaternary center at C3a. 
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However, this was clearly not the case, as all remaining signals appeared in the region of 
5.3-2.2 ppm.  We then turned to 13C analysis.  This revealed the requisite total of carbons, including 
the oxazolidinone carbonyl at 161.0 ppm.  APT aided further in identification of the remaining 
signals — in particular, four aromatic CHs.  However, instead of the expected remaining two 
methines and four methylenes, this disclosed three of each, furthermore, no imine (at C4) or 
quaternary carbon (at C3a) was evident.  In addition, a further four quaternary carbons were 
evident in the aromatic region (136.4, 132.2, 129.3, and 105.4 ppm), suggestive of a fully 
aromatized indole.  Clearly, this was not the desired product.  Instead, it seemed reasonable to 
suppose this was the "outside" regioisomer, analogous to Stork and Aubé's early findings. 
With this assumption in mind, we performed several 2D experiments, including COSY, 
and a heteronuclear gHSQC experiment.  For the sake of clarity, the original common reduced 
indole numbering system is employed for ease of comparison to previous structures as described, 
see Figure 109a and 109b.  The actual IUPAC numbering is shown in Figure 109c for reference. 
 
Figure 109:  Numbering systems for indolo-[5,5,6]-DA-cycloadduct a) Pseudo-[5,5,6]-DA-cycloadduct numbering 
        system for aspidospermidine analogue and b) “Outside” indole c) IUPAC numbering system  
 
Starting from the characteristic H7 methine, this appeared furthest downfield at 5.28 ppm, 
as a ddd (J = 7.7, 4.4, 1.7 Hz).  This was evidently coupled to H7a appearing as a clear triplet at 
4.41 ppm (J = 2 x 7.7 Hz).  This is a very important diagnostic observation, as it confirmed Fischer 
indolization had not occurred as desired due to residual coupling to H3a.  In addition the all cis-
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stereorelationship remained intact.  H3a itself appeared at 3.46-3.41 ppm (m, 1H), presumably 
downfield due to its proximity to the indole, and showed reciprocal coupling to H7a.  At this point, 
six aliphatic signals remained unassigned — presumably the C2, C3 and C6 methylene protons, 
Figure 110.  The C6 methylene was revealed as two signals at 3.38 ppm (H6x, dd, J = 16.8, 1.7 
Hz) and 2.95 ppm (H6y, ddd, J = 16.8, 4.4, 2.0 Hz).  These signals showed cross-coupling with 
only one signal in the CH-X region, previously identified as H7.  Continuing analysis of the COSY 
data revealed the remaining connectivity of the C2 and C3 systems.  For the C2 methylene, H2x 
appeared at 3.80 ppm (ddd, J = 12.1, 7.7, 4.5 Hz) and H2y at 3.18 ppm (dt, J = 11.7, 2 x 7.6 Hz).  
The final C3 methylene comprised H3x (2.48, dtd, J = 13.1, 2 x 8.1, 5.0 Hz) and H3y (2.21-
2.13, m).  Both these signals were cross-correlated with H3a, thus confirming the overall 
connectivity.  These assignments were further corroborated by gHSQC 2D heteronuclear 
correlations, which clearly distinguished each individual methylene pair. 
 
Figure 110:  1H-1H COSY Correlations of indolo-[5,5,6]-cycloadduct 605 
We now turned our attention to the newly-formed indole ring system.  The most downfield 
signal was the N-H of the indole ring (7.91 ppm, s, 1H), which showed no cross-coupling to any 
other proton.  The aromatic protons were adjacent and slightly upfield of this proton, consisting of 
four signals (two doublets and two triplets).  The most downfield aromatic signal (7.47, d, 1H) 
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was cross-coupled to the triplet at 7.11 ppm, while the doublet at 7.31 ppm showed cross-coupling 
to the triplet at 7.16 ppm.  This was indicative of the four isolated phenyl methines of the indole 
fragment, as expected.  Returning to the 13C data, the aromatic region clearly showed four CHs 
and four quaternary carbons, in particular, the highly-shielded C5 indole center at 104.4 ppm, 
reflecting its electron-rich, enamine-type character. 
After initial connectivity was determined, a more in depth analysis was undertaken utilizing 
coupling constants of the 1H NMR signals.  This commenced with the isolated spin system of the 
four aromatic protons of the benzenoid ring of the indole functionality.  Ha, the most downfield 
aromatic proton at 7.47 (d, J = 7.7 Hz) showed clear correlation to the triplet at 7.11 ppm (t, J = 
2 x 7.4 Hz), presumably Hb. 
In similar fashion, the doublet of Hd (7.31, d, J = 7.6 Hz) was correlated to the triplet at 
7.16 ppm (t, J = 2 x 7.6 Hz), thus assigned as Hc.  Although the connectivity of the aromatic 
protons could be definitively determined, the proper absolute orientation upon the phenyl ring with 
respect to the indole could not be elucidated without additional experimentation, e.g., NOE.  
However, comparison with standard shifts for simple indoles allows assignment as shown, allows 
a working assignment as shown, below in Figure 111. 
 
Figure 111:  1H NMR coupling of A ring of indolo-[5,5,6]-cycloadduct 605 a) Coupling in 605 b) Standard indole  
                    coupling 33 
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Continuing on, the two pseudo-benzylic protons, H6x/H6y, both exhibited coupling to ring 
junction proton H7 (5.28, ddd, J = 7.7, 4.4, 1.7 Hz).  H6x (3.38, dd, J = 16.8, 1.7 Hz) revealed 
an atypically large 2J geminal coupling of 16.8 Hz to H6y (2.95, ddd, J = 16.8, 4.4, 2.0 Hz) and 
therefore a 1.7 Hz coupling to ring junction proton H7 (5.28, ddd, J = 7.7, 4.4, 1.7 Hz).  In addition 
to its geminal coupling, H6y showed a 4.4 Hz coupling to H7.  The aberrant 2.0 Hz coupling found 
in H6y was attributed to long range coupling with either one of the aromatic protons of the indole 
moiety, or more likely, H3a.  Close inspection of the COSY correlations did suggest the latter, 
revealing a 5J homoallylic coupling.  However, relative stereochemistry for H6x/H6y could not be 
assigned as / on the basis of these preliminary observations. 
The remaining coupling constant of H7 was observed as a 7.7 Hz coupling in H7a, itself 
(4.41, t, J = 2 x 7.7 Hz).  This left a final 7.7 Hz coupling from H7a to H3a (3.46-3.41, m), 
Figure 112.  This reconfirmed the all-cis ring orientation previously seen from the initial Diels-
Alder cycloadducts, forward. 
 
 




All that remained was to assign the spatial orientation of the C2 and C3 methylene protons.  
H2y (3.18, dt, J = 11.7, 2 x 7.6 Hz), showed a geminal coupling of 11.7 Hz to H2x (3.80, ddd, 
J = 12.1, 7.7, 4.5 Hz), and couplings of 7.6 Hz to both of the H3 protons.  This was reciprocated 
as an 8.1 Hz coupling in H3x (2.48, dtd, J = 13.1, 2 x 8.1, 5.0 Hz).  H3y was a multiplet (2.21-
2.13, m), so no data could be obtained from a simple 1H NMR.  Proceeding on to H2x (3.80, 
ddd, J = 12.1, 7.7, 4.5 Hz), the 12.1 Hz coupling corresponded to the 11.7 Hz geminal coupling 
from H2y, while the two remaining couplings were tentatively assigned to H3x/H3y.  
Unfortunately, both the 7.7 and 4.5 Hz couplings showed potential reciprocation from H3x with 
values of 8.1 and 5.0 Hz.  Furthermore, H3a was a heavily-coupled, complex multiplet revealing 
no further information. 
These interactions could therefore not be corroborated without additional decoupling 
experiments.  Even though the key couplings between H2x, H3x, H3y, and H3a could not be 
directly discerned, these patterns very closely matched values for our previously analyzed related 
systems.  However, relative stereochemistry could not be confirmed as / with these data, but 
this molecule was clearly the “outside” indole 605, Figure 113. 
 
Figure 113:  Pyrrolidine ring couplings of indolo-[5,5,6]-cycloadduct 605 


























4.7.4 Exploring the Causes for Unfavorable Regioisomer Selection 
Returning to Stork and Aubé's total syntheses of aspidospermine/aspidospermidine 
575/554, a thorough analysis of their similarities with respect to the Fischer indole synthesis step 
is warranted.  When the Stork Intermediate 593 — the CDE core of his first aspidospermine 
attempt — is compared to Aubé's analogous aspidospermidine core 600, the notable difference is 




Figure 115:  Tricyclic intermediates a) Stork intermediate  b) Aubé intermediate  c) Our intermediate 
 
In Section 4.7.1, it was described that Stork surmised that ketone 593 failed to react in the 
desired manner during a Fischer indole synthesis to form aspidospermine, and instead obtained the 
desired regioisomer 555 by reducing the E ring lactam of 593 to the pyrrolidine prior to 
indolization.  He reasoned that the additional sp2 center of a lactam carbonyl reduced the degrees 
of freedom of intermediate 593 in a manner that disallowed proper p-orbital overlap to form the 
C–C bond of the indole at the tertiary carbon.245  Likewise, Aubé had similar regiochemical control 
problems with his intermediate 600 where the lactam was further removed from the reaction center 
on the D ring and solved the problem in the same manner as Stork by reducing the lactam, thus 
allowing him to complete his synthesis with acceptable regioselectivity.  We also encountered the 
same difficulties with our tricyclic analogue 576. 
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However, instead of arguing from a point of conformational restriction in the tricyclic 
precursor, as a function of hybridization, as in Stork's explanation, Aubé took a different tack.  
Aubé proposed that the Fischer indole synthesis on the Stork Intermediate followed a distinct 
mechanistic pathway from other examples.265  The tertiary amine nitrogen lone pair participates in 
the mechanism by breaking the bond between the C and E ring, resulting in an iminium ion, and 
a enehydrazine in regiospecific fashion.  The mechanism proceeds as usual to yield the indole 
possessing a nine-membered ring, which then attacks the iminium ion from the nucleophilic 3-
position of the indole, reforming the bond between the B and E ring, Scheme 187. 
 
 




This CE ring opening, in fact, resembles established biosynthetic pathways for alkaloids 
such as quebrachamine 599. 
The lactam/cyclic carbamate tricyclic intermediates do not allow for the Fisher indole 
synthesis to occur as described at the tertiary center due to simple electronic factors.  It is the 
delocalization of the nitrogen lone pair with the adjacent carbonyl group that prevents the 
formation of the iminium ion and subsequent cleavage of the CE ring junction.  In either case, 
without the greater flexibility of the intermediate cyclononadiene ring, the only available pathway 
is that of the undesired regioisomer, via a standard Fischer mechanism.  These observations may 
explain why the distance of the amide carbonyl from the reaction center does not affect the 
regioselectivity of the reaction, per se, but rather is a consequence of oxidation state (amine vs. 
amide); instead, the amide’s lone pair is insufficiently nucleophilic to open the rings via an N-acyl 
iminium ion, Figure 116. 
 
 
Figure 116:  Electron delocalization in aspidospermine-type precursors  a) Stork intermediate b) Aubé intermediate 
       c) Our intermediate 
 
4.7.5 Future Recommendations Towards the Successful Completion of Direct 
Incorporation of the [5,5,6]-Tricyclic Common Core Intermediate 
It became clear that DA oxazolone cycloadduct 569 could not cyclize under Fischer indole 
synthesis conditions to the correct regioisomer, and thus complete the Direct Incorporation 
synthesis of aspidospermidine analogue 570.  Therefore, an alternative approach may prove 
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necessary.  One possible solution to the completion of 570 would be to perform a base hydrolysis 
of the carbamate ring, resulting in bicyclic amino alcohol 606, followed by protection to afford 
amine 607.  The bicyclic compound 608 would then hopefully undergo a successful Fischer indole 
synthesis, albeit in an indeterminate ratio of both regioisomers, to be followed by reduction of the 
resultant 3H-indole product to the indoline.  This highly-functionalized tetracycle could serve as 
and/or provide further analogues of these fascinating alkaloids.  For example, indoline 609 would 
be N-protected, and the pyrrolidine E ring could be deprotected, allowing for oxazolidinone ring 
re-formation.  The final step would be to deprotect the indoline nitrogen providing 
aspidospermidine analogue 570, Scheme 188.315-320 
Of course, an alternative example could arise from simply ending the synthesis at 609 
without reforming the D ring of the aspidospermidine analogue.  This would circumvent any 
difficulties that could arise from the reformation of the oxazolidinone ring, and shorten the overall 
route to potentially bioactive analogues. 
 
 





4.8 Early Approaches to Pyrrolizidine Frameworks 
4.8.1 Pyrrolizidine Alkaloids by Rearrangement 
4.8.1.1 Background 
Pyrrolizidine alkaloids (PA) are a large family of naturally-occurring compounds found 
within various plant species and share a common pyrrolizidine skeleton 610, Figure 117a.  The 
number of discovered and characterized PAs is approximately 500, and if those containing N-
oxides are included, that number rises to 900.321  Many PAs have hydroxymethyl substitution on 
the 1-position, and either hydrogens or a hydroxy on the 7-position.  This is true for both the 
saturated PA 611, Figure 117b, and the unsaturated PA 612, Figure 117c.  Some PAs also contain 
ester groups in the 1- and 7-positions, and there are also macrocyclic examples linked by the 1- 
and 7-hydroxy/ester sites 613.  Some PAs are toxic, but that toxicity is limited to those that are 
unsaturated in the 1,2-position.  Their bioactivity is wide-ranging, including hepatoxic, genotoxic, 
teratogenic, carcinogenic, and pneumotoxic effects.321 
 
Figure 117:  Pyrrolizidine and pyrrolizidine alkaloids. a) Pyrrolizidine numbering b) Saturated PA basic structure  




Dihydroxyheliotridane 571 is one of a group of pyrrolizidine alkaloids isolated from 
various flora and from shrubs of the genus Pitticaulon, found primarily in Mexico with one species 
from Guatemala, Figure 118.322  In addition, the related diastereomers 614-616, have also been 
reported.  Long known, numerous syntheses have appeared in the literature, several of which are 
cited.322-328  Dihydroxyheliotridane presents itself as a suitable target for the Rearrangement 
Method due to its well-studied structure. 
 
Figure 118:  Closely-related pyrrolizidine alkaloids extracted from the Pittocaulon genus of shrubs 
 
4.8.1.2 Rearrangement Method as Applied to the Total Synthesis of Dihydroxyheliotridane 
As an example of the Rearrangement Method, dihydroxyheliotridane 571, was chosen as 
the target molecule.  Starting from the common core [5,5,6]-DA cycloadduct 569, carbamate 
deprotection would be followed by conversion to the amine salt.  The deprotected secondary 
alkenyl amine salt 617 would then be cleaved by ozonolysis resulting in intermediate diketone 
618, followed by pyrrolidine ring closure to an iminium ion, 619.  With a reductive workup, the 
final product, dihydroxyheliotridane 571, could directly result, Scheme 189.  Thus, the 





Scheme 189:  Planned rearrangement route to dihydroxyheliotridane 
  Granted, this did seem an overly ambitious sequence of reactions, especially for one pot.  
Therefore, the alternate sequence of reactions — oxidative cleavage, then oxazolidinone opening 
— was first pursued. 
 
4.8.2 Initial Forays into the Synthesis of Dihydroxyheliotridane  
In initial studies, several possible routes to the alkene cleavage product were attempted, 
but all failed to produce the desired products.  In Scheme 190a, cycloadduct 569 was subjected to 
oxidation/cleavage with warm KMnO4, followed by NaHSO3 according to literature procedure.329  
By polar TLC, (7:92:1 methanol/DCM/triethylamine), two low Rf spots were formed; one at 0.2 
Rf and the other spot appeared on the baseline.  Upon column chromatography no product 620 was 
found by 1H NMR.  Similar results were obtained in Scheme 190b in the reaction of 569 in the 
presence of OsO4, oxone, and NaHSO3, where lower TLC spots were formed, but no desired 
product was obtained.330  Likewise, the two-step reaction of 569 with OsO4, oxone, and NaHSO3 
to produce a dicarboxylate intermediate, followed by methylation via MeI, also, failed to produce 
any discernible product 621, Scheme 190c.331  Only the reaction of cycloadduct 569 with osmium 
tetroxide yielded any products, that of a single intermediate vicinal diol 622 in 75% yield, but upon 
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periodate cleavage conditions, no dialdehyde 623 was isolated, Scheme 190d.  As in the other 
examples, the reaction most likely proceeds through oxidative cleavage, but through an elimination 
pathway, the oxazolidinone ring carbamate is probably cleaved in a process similar to that found 
in Scheme 178, pg. 268. 
 
Scheme 190:  Attempted cyclohexene ring cleavage reactions on [5,5,6]-DA cycloadduct 569 
 
4.8.2.1 Structural Elucidation of [5,5,6]-Diol 622 
As the only discernable intermediate so far, we chose to confirm the structure of diol 622 
Initial TLC analysis of the reaction showed a new product with a considerably lower Rf (0.42, 1:9 
acetone/DCM).  1H NMR showed this to be clearly distinct from the original starting material, and 
the IR showed the presence of an OH stretch at 3404 cm-1.  The alkene protons were now absent, 
replaced by a strong singlet (3.86-3.85 ppm, 2H), partially occluded by other signals.  The CH-X 
region showed six total signals, corresponding to 8H total.  These included the aforementioned 
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singlet, integral 2H, most likely the two hydroxyls, the new H4 and H5 methines, the two 
methylene protons H2x/H2y, and the characteristic downfield H7 and H7a signals.  Five signals 
remained unassigned – presumably H6x/H6y, and H3x/H3y, and ring junction proton H3a, Fig. 
119.  The methylene envelope indeed showed five signals, a dddd, a dt, a ddt, a ddd, and a signal 
partially obscured by the residual deuteroacetone peak, 5H total.  13C, including APT, showed the 
absence of the former alkene protons (previously observed at 130.8 and 125.0), replaced by two 
new CH-X signals at 72.0 and 66.7.  Finally, mass spectrometry yielded a parent ion mass of 
[M+Na]+, 222.0755 amus. 
 
Figure 119:  Numbering system for dihydroxy-[5,5,6]-DA cycloadduct 622 
 
With the basic structure established, the facial orientation of the hydroxyls had to be 
determined.  Initial examination of molecular models, particularly dihedral angles, was carried out.  
The topology of the parent alkene, which forms a concave shell, was inferred to be mostly 
inaccessible to dihydroxylation of the interior, convex face.  Consequently, it was intuitively 
expected that the protons, H4 and H5, would be observed on the  face of the vicinal syn-diol 
product.  Obviously, detailed analysis was required. 
Since the core structure of 622 is essentially the same as the [5,5,6]-Diels-Alder 
cycloadduct, the obvious starting point for the analysis of the diol 622 was the ring junction protons 
on C3a, C7, and C7a.  The initial 1H NMR spectrum of the suspected diol was run in acetone-d6 
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(for solubility purposes), and the two most downfield signals at 4.88 ppm (ddd, J = 8.2, 5.0, 3.4 
Hz) and 4.05 ppm (app. t, J = 2 x 8.4 Hz), each integrating to one proton, were assumed to 
correspond to C7 and C7a, respectively.  Once again, this is the normal order for these two ring 
junction protons in these tricyclic systems.  Further evidence was found in the shared coupling 
constant of 8.2 Hz for the former, and 8.4 Hz for the latter.  The gHSQC spectrum confirmed that 
the H7 and H7a were methine protons, and identified the corresponding carbon signals of the 13C 
NMR spectrum for C7 as 74.6 ppm, and 59.6 ppm for C7a.  APT further corroborated that both 
signals were methines, and the gCOSY spectrum showed coupling between H7 and H7a, which 
proved their initial assignment was correct. 
Continuing with the gCOSY spectrum, this revealed the final ring junction proton H3a at 
2.51 ppm (app. qd, J = 3 x ~8.2, 5.4 Hz) with the pertinent matching cis coupling constant also 
being 8.2 Hz.  It was fortuitous that the coupling constants for H3a could be directly read from the 
proton NMR, as this peak is usually highly Gaussian, and other spectroscopic techniques typically 
must be employed to reveal the coupling, if feasible.  With the ring junction protons identified, it 
was then possible to continue with the assignment of the remaining protons of the tricycle, Figure 
120. 
 




Further analysis of the gHSQC data — specifically, the two new CH-X methines at 72.0 
and 66.7 ppm —revealed the remaining carbon-proton connectivity, first leading to H4 and H5.  
Unfortunately, the signal for H5 at 3.82 was partially obscured by a 2H singlet at 3.86 ppm, 
suspected to be the two hydroxyl protons.  To confirm this observation, and to clarify the splitting 
in the hidden H5, the NMR sample was deuterated by adding a drop of D2O to the NMR tube.  
Upon acquiring a new NMR spectrum, the peak at 3.86 ppm disappeared and revealed the full H5 
signal (3.82 ppm, ddd, J = 8.7, 4.1, 2.7 Hz).  In addition, the Gaussian multiplet of the non-
deuterated proton spectrum at 3.60-3.57 ppm, corresponding to H4, became Lorentzian, revealing 
the peak to be a doublet of doublets (3.57 ppm, J = 5.4, 2.4 Hz).  As a consequence, the deuterated 
proton NMR spectrum was used for all subsequent structural determination of the compound. 
Using the gHSQC spectrum, the diastereotopic methylene proton pairs were also identified.  
As is typical in these tricycles, the C2 methylene protons appear within the range of 2.5 ppm to 
4.0 ppm, directly upfield of the H7 and H7a ring junction protons.  In contrast, the C3 and C6 
diastereotopic protons appear grouped together in the “methylene envelope,” often with 
considerable overlap.  Fortunately, this was not the case with this spectrum, and all of the protons 
were readily identifiable, with the exception of H3x, which was occluded by the acetone reference 
signal.  (This problem could possibly have been rectified by using another suitable deuterated 
solvent, and will be in future studies.)  The gCOSY connectivity was thus used to confirm the 
identity of the H2, H3, and H6 signals, as with the remainder of the 1H peaks of the spectrum. 
The protons of the pyrrolidine ring were further confirmed by gHSQC.  The two sets of 
diastereotopic methylene protons were identified and fell within the usual regions for these 
compounds.  The carbons of these methylene groups were further corroborated through the use of 
APT, revealing each at 47.8 ppm for C2, and 31.9 ppm for C3.  Further assignment continued 
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through use of the coupling constants and gCOSY connectivity, where H3x at 2.11-2.10 ppm 
(multiplet, obscured) and H3y (1.60 ppm, dq, 12.9, 3 x 8.3 Hz) showed a large 2J geminal coupling 
of 12.9 Hz.  H3x also showed coupling to H2x at 3.62 ppm (ddd, J = 11.4, 7.8, 3.4 Hz), while H3y 
showed coupling to both H2x and H2y (2.93 ppm, ddd, J = 11.4, 8.4, 7.1 Hz), on the gCOSY 
spectrum.  This connectivity as established for the pyrrolidine ring is shown below, Figure 121. 
 
Figure 121:  [5,5,6]-Vicinal diol COSY connectivity of pyrrolidine ring 
 
Detailed analysis of coupling constants ensued.  H3y (1.60 ppm, dq, 12.9, 3 x 8.3 Hz) 
showed the previously mentioned 12.9 Hz geminal coupling to H3x (multiplet, obscured), leaving 
8.3 Hz couplings to each of H3a, H2x, and H2y.  These three 8.3 Hz couplings were reciprocated 
by an 8.1 Hz coupling in H3a (2.51 ppm, qd, J = 3 x 8.1, 5.7 Hz), a 7.8 Hz coupling in H2x (3.62, 
ddd, J = 11.4, 7.8, 3.4 Hz), and an 8.4 Hz coupling from H2y (2.93 ppm, ddd, J = 11.4, 8.4, 7.1 
Hz).  H2x and H2y shared a geminal coupling of 11.4 Hz, leaving the remaining coupling of 3.4 
Hz in H2x  and 7.1 Hz in H2y to be assigned as couplings to the multiplet of H3x through the 
process of elimination.  As is often typical of the protons of five-membered rings, these couplings 
were too ambiguous to directly assign topology.  Normally, the couplings of H3a to H3x and H3y 
are useful in this regard, but in this case, H3a revealed a 8.1 Hz coupling to both H3x and H3y. 
NOE spectra were therefore necessary to assign the topicity of the C2 and C3 protons and 
diol 622 prior to deuterium exchange, was utilized.  The crucial NOE enhancements were found 
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by irradiating the C3 protons, in particular, the signal at 1.61 ppm, H3y.  Observed NOEs to H5 
(0.88%) and H4 (0.75%) confirmed all three protons must be on the same face.  Furthermore, H3y 
did not show any enhancement of H3a, whose topology is known to be in the  orientation.  This 
suggested H3y, H4, and H5 were all on the concave, lower face as expected from our initial 
assumptions for the initial dihydroxylation approach.  Therefore, H3y was assigned as H3and 
consequently H3x as H3 
The irradiation of H3 also showed a 1.1%  enhancement of the H2x proton at 3.63 ppm, 
but no enhancement of H2y at 2.97-2.91 ppm.  Therefore, H2x was assigned as H2, while H2y 
was assigned as H2 by default, Figure 122. 
 




Thus the overall topology of the pyrrolidine ring  as follows in Figure 123.  
 
Figure 123:  [5,5,6]-vicinal diol pyrrolidine ring assignments and topology 
The structural determination continued by following the cyclohexane ring protons from 
H3a to H4 of the vicinal diol.  H3a (2.51 ppm, qd, 3 x 8.1, 5.7 Hz) showed coupling to H4 (3.57 
ppm, dd, J = 5.4, 2.4 Hz), around 5.4–5.7 Hz. The remaining 2.4 Hz of H4 therefore corresponded 
to H5 (3.82 ppm, ddd, 8.7, 4.1, 2.7 Hz).  This was further confirmed by decoupling H5, leaving 
H4 with only its larger coupling to H3a.  The small 2.4–2.7 Hz value shows the expected cis 
relationship.  Through the use of gCOSY, the two H6 protons were next identified by their cross-
coupling, and thus H6x and H6y appeared at 2.17 ppm and 1.88 ppm, respectively.  This 
conclusion was corroborated by the gHSQC spectrum where the signals for the H6 protons were 
shown to be on the same carbon at 32.9 ppm.  The 8.7 Hz coupling of H5 was reciprocated in H6x 
(ddd, J = 14.7, 9.0, 5.4 Hz) by the 9.0 Hz constant.  This coupling was confirmed by HOMODEC, 
where H6x was irradiated, and H5 collapsed to the a dd, with only the large 15.7 Hz 2J geminal 
and smallest 5.1 Hz coupling evident.  This latter value (5.4 Hz) was similarly observed in H7 
(4.88 ppm, ddd, J = 8.2, 5.0, 3.2 Hz) as 5.0 Hz.  H6y (dm, J = 14.9 Hz) reciprocated the geminal 
coupling of H6x (14.7 Hz).  Surprisingly, the non-deuterium-exchanged spectrum revealed H6y at 
1.88 ppm as a dt (J = 14.9, 2 x 3.8 Hz).  This  H6y constant of 3.8 Hz closely corresponded to H7 
(3.2 Hz).  This left only the remaining 3.8 Hz in H6y unassigned, which must be to H5 (3.82 ppm, 
ddd, J = 8.7, 4.1, 2.7 Hz).  H5 did reciprocate the remaining 3.8 Hz coupling observed at 4.1 Hz.  
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Furthermore, HOMODEC irradiation of H5 collapsed H6y from a dt to a dd, removing one of the 
small couplings. 
H5, previously shown to be on the  face was used to determine the topicity of the 
H6protons, firstly, by analysis of the coupling constants in conjunction with models.  H6xhad a 
3J coupling of 8.7–9.0 Hz to H5, and H6y, 3.8-4.1 Hz.  This suggested a trans-diaxial relationship 
between H6x and H5.  The H6y-H5 coupling of 3.8-4.1 Hz suggested an axial-equatorial cis 
relationship.  Given H5 is alpha, H6x was thus assigned as H6beta, and conversely, H6y as H6 
alpha.  The NOE spectra of irradiated H6 protons, individually, only showed enhancement to H5 
or H6 of 0.87%.  Therefore, this further corroborates our assignment of H6y as H6, on the same 
face as H5, Figure 124. 
 
Figure 124:  Key NOE data for dihydroxy-[5,5,6]-cycloadduct 622 
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These couplings proposed for the cyclohexanediol ring assumes a twist boat-like 
conformation as modelled, leading to the following topological assignments:  H6x as H6 and 
H6y as H6, Figure 125. 
 
 
Figure 125:  [5,5,6]-vicinal diol cyclohexanediol ring assignments and topology 
 
The complete data set and assignments appear below in Figure 126.  The final structure assigned 




























4.8.3 Oxazolidinone Hydrolysis Alternative Approach 
After these initial attempts to cleave the olefin failed, an alternative approach from [5,5,6]- 
cycloadduct 569 was developed.  Instead of direct cleavage, we pursued initial opening of the 
oxazolidinone ring prior to any oxidation.  Base hydrolysis under reflux conditions was employed 
to cleave the 2-oxazolidinone ring of cycloadduct 569, followed by acidification to the amino 
alcohol salt 617 in an unoptimized yield of 29%.  Original conditions employed 1M NaOH in 
methanol.  Attempts were made to optimize the reaction, first using sodium methoxide, which 
ended in failure, and eventually leading to 2M LiOH in THF, purified via trituration in chloroform.  
The latter conditions allowed for quantitative yields in both the base hydrolysis and amine salt 
formation steps, Scheme 191.332, 333  
 
 
Scheme 191:  Oxazolidinone cleavage of [5,5,6]-DA cycloadduct 
  
Having acquired the carbamate deprotection bicycle salt 617, we then proceeded to verify the 
structure through NMR spectroscopy. 
 
4.8.4 Structural Elucidation of 7-Hydroxytetrahydroinolinium Chloride (617) 
1H NMR in DMSO-d6 showed this to be clearly distinct from the original starting material, 
and the number of protons increased from 11H to 14H.  Most notable was the presence of two very 
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broad, Gaussian signals between 8 and 10 ppm, integrating for 1H each.  These signals were clearly 
the protons of the amine salt.  Additionally, a new signal was present, a doublet at 5.60 (J = 3.4 
Hz), presumed to be the hydroxyl proton.  Finally, 13C NMR, including APT, showed the loss of 
the oxazolidinone ring carbonyl signal at 161.3 ppm, and as expected, a decrease from 9Cs to 8Cs.  
The numbering system employed appears in Figure 127, below. 
 
 
Figure 127: Numbering system for 7-hydroxy-tetrahydroinolinium chloride 617 
 
Basic connectivity was determined by gCOSY in conjunction with the 1H spectrum.  The 
most downfield protons, the two alkene signals at 5.65 ppm (dm, J = 10.1 Hz, 1H), and 5.45 ppm 
(dm, J = 10.1 Hz, 1H), were clearly cross-coupled to each other.  In addition, the former, showed 
cross-coupling to two signals in the methylene envelope, thereby confirming its identity as H5.  
These two overlapping signals ( 2.24-2.14, m, 2H) were assumed to be H6x/H6y, and they 
themselves showed coupling to the ring junction proton, H7 (4.01-3.96, m Hz), as expected.  The 
doublet at 5.60 (J = 3.7 Hz), assigned as -OH, was cross-coupled to H7, while H7 itself was 
further coupled to H7a.  In turn, H7a (3.72, dd, J = 6.6, 3.9 Hz), was cross-coupled to the broad, 
Gaussian multiplet at 3.02-2.97 ppm, and thus was assigned as H3a.  This Gaussian nature is highly 
typical in these systems.  H3a, in turn, was cross-coupled to H4 and both H3 protons(2.02 ppm, 




Figure 128:  COSY correlations of 7-hydroxy-tetrahydroinolinium chloride 617 
 
The detailed assignment began from the now familiar methine protons, H7, H7a, and H3a.  
Given that H7 was a complex multiplet, we turned to H7a, a clear signal at 3.72 ppm (dd, J = 6.6, 
3.9 Hz).  Unfortunately, H3a (3.02-3.97 ppm) was also a featureless multiplet with no discernible 
coupling visible.  Therefore, decoupling experiments were carried out.  Irradiation of the H7 
complex multiplet caused H7a to collapse to a doublet, J = 6.8 Hz, by loss of its smaller coupling.  
On the basis of this we assign the observed couplings as 6.6 Hz for H7-H7a and 3.9 Hz for H7a-
H3a.  Analysis of models revealed a plausible half-chair-like conformation in which the H7 and 
H7a protons are in a pseudo equatorial/axial relationship, and H7a and H3a are closer to eclipsed.  
The resulting dihedral angles would correspond to the observed couplings of 3.9 and 6.6 Hz 
respectively.  Therefore the H7-H7a-H3a relationship remains all cis. 
The clear difference observed in this region as distinct from our prior examples is not to be 
unexpected, as the rigidifying effect of the oxazolidinone ring has been removed.  That said, the 
bicyclic system does not seem completely flexible – possibly due to an intramolecular H-bond 
between the C7 hydroxyl and the N1 ammonium salt.  Of course, all this is immaterial, as the H7-
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H7a-H3a all cis relationship is not expected to change upon hydrolysis.  Upon a cursory 
examination of the structure, one would expect R-OH to be a broad singlet and H7 to be a ddd, but 
the 1H NMR spectrum showed the former to be a distinct doublet with a coupling constant of 3.7 
Hz, and the latter to be a multiplet, Figure 129.  This is indicative of coupling between H7 and the 
hydroxyl proton, sometimes seen when a spectrum is obtained in DMSO-d6. 
 
 
Figure 129:  Ring junction coupling constants of 7-hydroxy-tetrahydroindolinium chloride 617 
 
The pyrrolidine ring protons were well defined and showed a familiar coupling pattern, 
making assignment a less intensive endeavor.  H2y (2.93, td,  J = 2 x 10.6, 7.1 Hz) showed a 9.8–
10.6 Hz coupling to H3x (2.02, ddt, J = 12.7, 9.8, 2 x 7.7 Hz), and a 6.4–7.1 Hz coupling to H3y, 
(1.78, ddt, J = 12.6, 6.4, 2 x 3.2 Hz).  The large H2y/H3x coupling suggests that these two protons 
are approaching an antiperiplanar orientation. In contrast, H2x (3.17, ddd, J = 11.4, 7.8, 3.5 Hz) 
was coupled to H3y by 3.2-3.5 Hz, and to H3x, 7.7–7.8 Hz.  Finally, H3x showed a 7.7 Hz coupling 
to H3a, and H3y revealed a complementary 3.2 Hz coupling.  Since it was known that H3a is on 
the upper face, a 7.7 Hz coupling is indicative of an eclipsed relationship, thus H3x was assigned 
as H3. This would arbitrarily result in H3y being assigned as H3, and the 3.2 Hz coupling 
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supports this.  Furthermore, the large 9.8–10.6 Hz coupling between H2y and H3(H3x) would 
necessitate H2y being assigned as H2.  This, of course, would require H2x to be assigned as H2.  
These finalized assignments are as shown below, Figure 130. 
 
 
Figure 130:  A ring assignments and topology for 7-hydroxy-tetrahydroindolinium chloride 617 
 
Lastly, the cyclohexene ring was assigned as well as possible in the absence of more in-
depth NMR studies, Figure 130.  H4 (5.45 ppm, dm, J = 10.1 Hz) revealed a 10.1 Hz coupling 
with its cis-alkene partner H5 (5.65 ppm, dm, J = 10.1 Hz) , presumably leaving only an 
imperceptible, small coupling to H3a.  This further supports the supposition that H3a is pseudo-
axial, and orthogonal to H4.  H5 also showed further complex splitting correlating with the 
overlapping signals of H6x and H6y, but without data from at least one H6 proton, the exact 
topology cannot be determined.  Unfortunately, the complex multiplet of H7 also failed to reveal 
any pertinent data.  The signal could possibly be clarified via deuterium exchange, and thus lead 
to veritable couplings useful in the topological assignment of the H6 protons, and this will be 
carried out in future experimentation, Figure 131.  In either case, exact assignment of H6x/H6y as 
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 or  is rendered moot given the key stereochemistry of this system lies in the long-established 
cis-ring junction. 
 
Figure 131:  Cyclohexene ring assignments for 7-hydroxy-tetrahydroinolinium chloride 617 
 



















Figure 132:  Coupling constants and assignments for 7-hydroxy-tetrahydroinolinium chloride 617 
4.9 Conclusions 
With this structure in hand, we plan to attempt direct cleavage of the olefin, and these 
efforts are currently ongoing.  Although we did not achieve our original objectives, we did obtain 
valuable insight into the chemical behavior and topological preferences of these compounds.  A 
wide range of epoxides, alcohols, ketones, and diols, as well as further derivatives were thus 









General Experimental Procedures: All commercially available reagents, unless otherwise 
indicated, were used without further purification.  All solvents were purified and dried according 
to standard methods prior to use.  All hydroxy acetal compounds were prepared from the 
corresponding DHP or DHF precursors.  All  reactions were carried out under argon using standard 
techniques for the exclusion of air and moisture, unless otherwise noted.  Thin layer 
chromatography was carried out on EM Science pre-coated 5 cm glass plates (250 mm 
w/fluorescent indicator). Products were isolated and purified via flash column chromatography 
over ICN Flash Silica Gel (230-400 mesh, 32-63 μM). Infra-red absorption spectra were recorded 
as thin films on NaCl discs. 1H and 13C NMR spectra were recorded at 500 and 125 MHz, 
respectively, as referenced to the appropriate deuterium lock on an Agilent Technologies 500 MHz 
instrument. Standard splitting patterns of signals were designated as, s (singlet), (doublet), t 
(triplet), q (quartet), p (pentet), m (multiplet), br (broadened), ddd (doublet of doublet of doublets), 
ddt (doublet of doublet of triplets, dddd (doublet of doublet of doublet of doublets), and app 
(apparent).  Coupling constants (J) values are given in Hz. 
 
 
6-methyl-1,4-dioxaspiro[4.5]deca-6,9-dien-8-one (215):  3.1 mmol (0.525 g) of 4,4-dimethoxy-
3-methylcyclohexa-2,5-dienone 208 and 10 equiv. (31.2 mmol, 1.74 mL) of ethylene glycol were 
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dissolved in 3.4 mL of DME, and cooled to 0 °C.  0.2 equiv. (0.624 mmol, 0.077 mL) of BF3.OEt2 
were added via syringe, and the mixture was stirred for 10 min.  The reaction was transferred to a 
separatory funnel, and 25 mL of water were added. The layers were separated, and the aqueous 
layer was extracted three times with 25 mL of DCM.  The organic layers were combined, washed 
with 50 mL of water and 25 mL of brine, then dried over MgSO4, vacuum filtered, and evaporated 
under reduced pressure.  The crude residue was purified by flash column chromatography, 
providing 0.3863 g (2.32 mmol) of 215 in 75% yield as a clear, colorless oil, the data for which 




1-methoxy-[1,1'-biphenyl]-4(1H)-one (184):  2.99 mmol (0.5096 g) of [1,1'-biphenyl]-4-ol 183 
were combined with 25 mL of methanol, and 1.02 equiv. (3.05 mmol, 0.984 g) of PIDA were 
added at rt.  The solution immediately turned blue, and was allowed to react for 15 minutes.  The 
solvent was removed by rotary evaporation, and the crude residue was purified via flash column 
chromatography (200 mL of 1:19 EtOAc/hexanes and 200 mL of 1:9 EtOAc/hexanes), and dried 
over MgSO4, vacuum filtered, and evaporated under reduced pressure, to yield 184 the data for 






4,4-dimethoxy-2,6-dimethylcyclohexa-2,5-dienone (174):  4.13 mmol (0.5046 g) of 2,6-
dimethylphenol 173 were combined with 25 mL of methanol, and 2 equiv. (8.26 mmol, 2.66 g) of 
PIDA were added at rt.  The solution was allowed to react for 30 minutes, then solvent was 
removed by rotary evaporation, and the crude residue was purified via flash column 
chromatography, (50 mL of 1:19, 1:9, 3:17, and 1:4 EtOAc/hexanes), the data for which closely 




4,4-dimethoxy-3,5-dimethylcyclohexa-2,5-dienone (119):  7.10 mmol (0.8676 g) of 3,5-
dimethylphenol 118 were combined with 25 mL of methanol, and 2.02 equiv. (14.35 mmol, 4.62 
g) of PIDA were added at 0 °C, and the solution was allowed to react for 15 minutes, the bath was 
removed, and left to react for an additional 30 minutes.  The solvent was removed by rotary 
evaporation, and the crude residue was purified via flash column chromatography (1:4 
EtOAc/hexanes), providing 0.3919 g (2.15 mmol) of 5 in 30% yield, the data for which closely 





3,4,4-trimethoxycyclohexa-2,5-dienone (171):  3.24 mmol (0.50 g) of 3,4-dimethoxyphenol 170 
were combined with 30 mL of methanol, and 1.02 equiv. (3.3 mmol, 1.07 g) of PIDA were added 
at 0 °C, and the solution was allowed to react for 15 minutes, the cooling bath was removed, and 
left to react for an additional 1.25 hours.  The reaction was quenched with NaHCO3, and the solvent 
was removed by rotary evaporation.  The crude residue was purified via flash column 
chromatography, using 7:13 and 2:3 EtOAc/hexanes, providing 171, the data for which closely 




1,1-dimethoxynaphthalen-2(1H)-one (195):  0.070 mmol (0.1014 g) of naphthalen-2-ol 194 
were combined with 15 mL of methanol, and 2.05 equiv. (1.44 mmol, 0.464 g) of PIDA in 15 mL 
of methanol were added dropwise via syringe at 0 °C.  The solution was allowed to react for 15 
minutes, the cooling bath was removed, and left to react for an additional 3.75 hours.  The reaction 
was quenched with NaHCO3, and the solvent was removed by rotary evaporation.  The crude 
residue was purified via flash column chromatography, using 1:9 EtOAc/hexanes, providing 





4-ethyl-6,6-dimethoxycyclohexa-2,4-dienone (198):  6.57 mmol (1.00 g) of 4-ethyl-2-
methoxyphenol 197 were combined with 20 mL of methanol, and 1.2 equiv. (7.88 mmol, 2.54 g) 
of PIDA were added at 0 °C, and the solution was allowed to react for 15 minutes.  The reaction 
was quenched with water, and washed with dilute sodium bicarbonate solution, water, and brine. 
The organic layer was dried over anhydrous sodium sulfate, decanted, and the solvent was 
removed by rotary evaporation.  The crude residue was purified via flash column chromatography 
using 9:90:1 EtOAc/hexanes/triethylamine, providing 0.890 g (0.488 mmol) of 198 as a yellow oil 
in 74% yield. 
 
 
3-iodo-4,4-dimethoxycyclohexa-2,5-dienone (177):  0.91 mmol (0.200 g) of 3-iodophenol 176 
were combined with 3.6 mL of methanol, and 2.1 equiv. (1.91 mmol, 0.62 g) of PIDA were added 
at –20 °C, and the solution was allowed to react for 30 minutes, and the bath was allowed to rise 
to rt over 30 minutes  The reaction was quenched with 50 mL of a saturated sodium bicarbonate 
solution, extracted three times with 50 mL of ethyl acetate. The organic layer was dried over 
anhydrous sodium sulfate, decanted, and the solvent was removed by rotary evaporation.  The 
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crude residue was purified via flash column chromatography using 3:7 EtOAc/hexanes, providing 
0.0867 g (0.31 mmol) of 177 in 34% yield, the data for which closely matched lit. values.83 
 
 
2-iodo-4,4-dimethoxycyclohexa-2,5-dienone (180):  4.64 mmol (1.0202 g) of 2-iodophenol 179 
were combined with 20 mL of methanol, and 2.1 equiv. (9.74 mmol, 3.17 g) of PIDA were added 
at –20 °C, and the solution was allowed to react for 30 minutes, and the bath was allowed to rise 
to rt over 30 minutes  The reaction was quenched with 50 mL of a saturated sodium bicarbonate 
solution, extracted three times with 50 mL of ethyl acetate. The organic layer was dried over 
anhydrous sodium sulfate, decanted, and the solvent was removed by rotary evaporation.  The 
crude residue was purified via flash column chromatography using 3:7 EtOAc/hexanes, providing 
180, the data for which closely matched lit. values.83 
 
 
7a-methoxybenzo[d][1,3]dioxol-5(7aH)-one (191):  1.83 mmol (0.253 g) of 
benzo[d][1,3]dioxol-5-ol 190 were combined with 5 mL of methanol, and 1.2 equiv. (2.20 mmol, 
2.70 g) of PIDA in 20 mL of methanol were added over 10 minutes via syringe at 0 °C, the bath 
was removed, and left to react for an hour.  The reaction was quenched with NaHCO3, and the 
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solvent was removed by rotary evaporation.  The crude residue was purified via flash column 
chromatography, providing 191, the data for which closely matched lit. values.64 
 
 
4-methoxy-4-methylcyclohexa-2,5-dienone (187):  9.35 mmol (1.0120 g) of p-cresol 186 were 
combined with 50 mL of methanol, and 1.2 equiv. (11.2 mmol, 3.62 g) of PIDA in 50 mL of 
methanol were added over 10 minutes via syringe at 0 °C, the bath was removed, and left to react 
for an hour.  The reaction was quenched with NaHCO3, and the solvent was removed by rotary 
evaporation.  The crude residue was purified via flash column chromatography, providing 187, the 
data for which closely matched lit. values.82 
 
 
1-methyl-4-oxocyclohexa-2,5-dien-1-yl acetate (189):  4.45 mmol (0.4811 g) of p-cresol 186 
were combined with 40 mL of glacial acetic acid, and 1.1 equiv. (4.89 mmol, 1.58 g) of PIDA in 
40 mL of glacial acetic acid were added over 8 hours via syringe at 0 °C.  The reaction was reduced 
in volume at 35 °C in vacuo to approx. 5 mL, then quenched with 100 mL of a saturated NaHCO3 
solution, and the aqueous layer was extracted four times with 25 mL of DCM, dried over anhydrous 
sodium sulfate, and concentrated by rotary evaporation.  The crude residue was purified via flash 
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column chromatography using 1:1 EtOAc/hexanes, providing 189 as a brown, oily solid, the data 
for which closely matched lit. values.85 
 
4-bromo-2-methoxyphenol (201):  8.29 mmol (1.0294 g) of o-methoxyphenol 200 and 1 
equivalent (8.29 mmol, 1.48 g) of NBS were each dissolved in 5 mL of DMF.  200 was cooled to 
0 °C, and the NBS/DMF solution was added dropwise via syringe.  The solution was allowed to 
react at 0 °C for 30 minutes, then was quenched with 20 mL of ice water.  The mixture was diluted 
with 50 mL of DI water and extracted three times with 50 mL of diethyl ether.  The combined 
organic layers were washed with 50 mL of DI water and 50 mL of brine, then dried over anhydrous 
sodium sulfate and evaporated to dryness by rotary evaporation, providing 201, the data for which 
closely matched lit. values.87 
 
4-bromo-6,6-dimethoxycyclohexa-2,4-dienone (202):  0.274 mmol (0.056 g) of 4-bromo-2-
methoxyphenol 201 were combined with 4 mL of methanol, and 1.2 equiv. (11.2 mmol, 3.62 g) of 
PIDA in 2 mL of methanol were added over 10 minutes via syringe at 0 °C, the bath was removed, 
and left to react for 3 hours.  The reaction was quenched with NaHCO3, and the solvent was 
removed by rotary evaporation.  The crude residue was purified via flash column chromatography 





N-(1-methyl-4-oxocyclohexa-2,5-dien-1-yl)acetamide (223):  9.27 mmol (1.0024 g) of p-cresol 
186 were combined with 20 mL of acetonitrile, and 1.2 equiv. (11.1 mmol, 3.58 g) of PIDA in 50 
mL of acetonitrile were added over 10 minutes via syringe at 0 °C, followed by 1.3 equivalents 
(0.122 mL) of TFA in relation to mmol of PIDA were added dropwise.  The bath was removed, 
and the solution was left to react for an hour.  The reaction was quenched with NaHCO3, and the 
solvent was removed by rotary evaporation.  The crude residue was purified via flash column 





4-hydroxy-4-methylcyclohexa-2,5-dienone (222):  19.1 mmol (2.068 g) of p-cresol 186 were 
combined with 60 mL of acetonitrile and 50 mL of water, and 1.1 equiv. (4.89 mmol, 1.58 g) of 
PIDA in 60 mL of acetonitrile were added dropwise over 1 hours via syringe at 0 °C.  The solution 
was allowed to react for 3 hours, then quenched with a saturated NaHCO3 solution, and the aqueous 
layer was extracted four times with 25 mL of DCM, dried over anhydrous sodium sulfate, and 
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concentrated by rotary evaporation.  The crude residue was purified via flash column 






cyclopenta[a]phenanthren-3-one (219):  0.78 mmol (0.2123 g) of estradiol 218 were combined 
with 10 mL of methanol, and 1.5 equiv. (1.17 mmol, 0.377 g) of PIDA in 20 mL of methanol were 
added over 10 minutes via syringe at 0 °C, and left to react for 30 minutes.  The reaction was 
quenched with NaHCO3, and the solvent was removed by rotary evaporation.  The crude residue 




(1-tert-butyl)4-phenyl-phenyldiazene (185).  To a stirred solution of 4-methoxy-4-
phenylcyclohexa-2,5-dienone 184 (55.1 mg, 0.28mmol) in methanol (10mL), tert-butylhydrazine 
hydrochloride (70.4mg, 0.57mmol) and sodium methoxide (31 mg, 0.57mmol) in methanol 
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(10mL) were added.  The reaction was brought to reflux for 24 hours, then the solvent was 
evaporated in vacuo.  The residue was dissolved in CH2Cl2, washed with dilute sodium 
bicarbonate, water, and brine. The organic layer was dried over anh. sodium sulfate, and 
concentrated by rotary evaporation. The residue was column chromatographed using 1:99 
EtOAc/hexanes, yielding product 185 (18.5 mg, 0.078 mmol, 28.2%) as a yellow solid, Rf  0.60 
(3:7 ethyl acetate/hexanes); mp 31.2-32.5 °C; 1H NMR (500 MHz, CDCl3) 7.76 (d, J = 8.5 Hz, 
2H), 7.70 (d, J = 8.4 Hz, 2H), 7.66 (d, J = 7.8 Hz, 2H), 7.47 (t, J = 7.9 Hz, 2H), 7.40 (t, J = 7.3 
Hz, 1H), 1.39 (s, 9H); 13C NMR (125 MHz, CDCl3) 151.5, 142.8, 140.4, 128.9, 127.7, 127.6, 




(1-tert-butyl)-3,5-dimethyl-4-methoxyphenyldiazene (169).  To a stirred solution of 4,4-
dimethoxy-3,5-dimethylcyclohexa-2,5-dienone 119 (56.1 mg, 0.30 mmol) in methanol (10 mL), 
tert-butylhydrazine hydrochloride (76 mg, 0.61 mmol) and sodium methoxide (33 mg, 0.61 mmol) 
in methanol (10 mL) were added.  The reaction was brought to reflux for 24 hours, then the solvent 
was evaporated in vacuo.  The residue was dissolved in CH2Cl2, washed with dilute sodium 
bicarbonate, water, and brine.  The organic layer was dried over anhydrous sodium sulfate, and 
concentrated by rotary evaporation, yielding product 169 (20.4 mg, 0.035 mmol 30.1%) as a 





(1-tert-butyl)3,4-dimethoxyphenyldiazene (172).  To a stirred solution of 3,4,4-
trimethoxycyclohexa-2,5-dienone 171 (63.6 mg, 0.34 mmol) in methanol (10 mL), tert-
butylhydrazine hydrochloride (86 mg, 0.69 mmol) and sodium methoxide (37 mg, 0.69 mmol) in 
methanol (10 mL) were added.  The reaction was brought to reflux for 24 hours, then the solvent 
was evaporated in vacuo.  The residue was dissolved in CH2Cl2, washed with dilute sodium 
bicarbonate, water, and brine. The organic layer was dried over anhydrous sodium sulfate, and 
concentrated by rotary evaporation, yielding product 172 (28.3 mg, 0.127 mmol, 36.8%) as a 
yellow solid,  Rf  0.55 (1:3 ethyl acetate/hexanes); m.p. 83.3-85.2 °C; 1H NMR (500 MHz, CD2Cl2) 
 7.39 (dd, J = 8.4, 2.0 Hz, 1H), 3.92 (d, J = 4.8 Hz, 1H), 3.92 (s, 3H), 3.91 (s, 3H), 1.35 (s, 9H); 














(1-tert-butyl)-3-iodo-4-methoxyphenyldiazene (177).  To a stirred solution of 3-iodo-4,4-
dimethoxycyclohexa-2,5-dienone (43.4 mg, 0.16 mmol) in methanol (8 mL), tert-butylhydrazine 
hydrochloride (39 mg, 0.31 mmol) and sodium methoxide (17 mg, 0.31 mmol) in methanol (8 mL) 
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were added.  The reaction was brought to reflux for 24 hours, then the solvent was evaporated in 
vacuo.  The residue was dissolved in CH2Cl2, washed with dilute sodium bicarbonate, water, and 
brine.  The organic layer was dried over anhydrous sodium sulfate, and concentrated by rotary 
evaporation.  The residue was column chromatographed using 1:19 EtOAc/hexanes as the eluent, 
yielding product 178 (22.2 mg, 0.70 mmol, 45.5%) as a yellow solid; Rf  0.35 (1:19 ethyl 
acetate/hexanes); m.p. 62.2-62.7 °C; 1H NMR (500 MHz, CDCl3) 8.12 (1H, d, J = 2.3 Hz), 7.72 
(1H, dd, J = 8.7, 2.3Hz), 6.87 (1H, d, J = 8.7Hz), 3.93 (3H, s), 1.31 (9H, s); 13C NMR (125 MHz, 




(1-tert-butoxycarbonyl)-p-methoxyphenyldiazene (204).  To a stirred solution of 4,4-
dimethoxycyclohexa-2,5-dienone 121 (218 mg, 1.42 mmol) in methanol (1 mL) and glacial acetic 
acid (100 L) heated to 50 °C, tert-butylcarbazate (384 mg, 2.90 mmol) in methanol (0.5 mL) was 
added dropwise via syringe over 1 hour.  The solution was allowed to stir for 30 minutes, cooled 
to rt, extracted 8 times with 10mL aliquots of hexanes, and evaporated in vacuo.  The residue was 
chromatographed using 1:19 EtOAc/hexanes yielding product 204 (246 mg, 1.04 mmol, 74% 
yield) as an orange solid, m.p. 62.2-62.7 °C; Rf  0.62 (3:7 ethyl acetate/hexanes); 1H NMR (500 
MHz, CDCl3) 7.93 (d, J = 9.1 Hz, 2H), 6.99d, J = 9.1 Hz, 2H), 3.89 s, 3H), 1.66 (s, 9H); 13C 
NMR (125 Mhz, CDCl3) 164.2, 161.2, 146.0, 126.2, 114.4, 84.4, 55.7, 27.9; IR (KBr disk) 
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max 3075, 3004, 2984, 1748, 1605, 1479, 1426, 1257, 1029, 840 cm-1; HRMS-ESI m/z for 
C12H17N2O3 (M+H)+ : Calculated: 237.1239, found: 237.1236  
 
4-methyl-N-t-butoxycarbonylphenyldiazene (221), General procedure: R-substituted 4-
methyl-2,5-cyclohexyldienone (1 eq.) and tert-butylcarbazate (2 eq.) were dissolved in 1,2-
dichloroethane (2 mL) and cooled to 0 °C in an ice bath. 25 𝜇L of trifluoroacetic acid was added, 
and the solution was stirred at 0 °C for 1 hour. The solution was removed from the ice bath and 
stirred at rt for 1-4 hours, and was monitored by TLC.  Saturated sodium bicarbonate was added 
and stirring was allowed to continue for 10 min. then concentrated by rotary evaporation.  The 
residue was dissolved in ethyl acetate and washed with water, then saturated brine solution, and 
dried over anhydrous sodium sulfate and concentrated under reduced pressure.  The residue was 
eluted by flash column chromatography using 1:49 ethyl acetate/pet. ether.  Compound 221 was 
isolated as a yellow solid.  Rf  0.68 (1:19 ethyl acetate/hexanes); m.p. 65.8-66.9 °C; 1H NMR 
(CDCl3, 500 MHz), 7.82 (d, J = 8.3 Hz, 2H), 7.30 (d, J = 8.2 Hz, 2H), 2.43 (s, 3H), 1.66 (s, 9H): 
13C NMR (CDCl3, 125 MHz), 161.3, 149.8, 144.6, 130.0, 123.7, 84.8, 27.9, 21.7; IR (KBr disk) 
max 2980, 2925, 2854, 1753, 1256, 1162 cm-1; HRMS (ESI) m/z for C12H17N2O2 (M+H)+: Calcd 
for: 221.1290, found: 221.1279 
Percent yield: 
R = OMe: 33%, (174 mol scale, 12.6 mg, 57.2 mol, 221) 
R = OAc: 67%, (32 mol scale, 4.7 mg, 21.3 mol, 221) 
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R = OH: 55%, (44 mol scale, 4.8 mg, 21.8 mol, 221) 
R = NHAc: 41%, (92.0 mol scale, 8.3 mg, 37.7 mol, 221) 
 
 
3-methyl-4-methoxy-t-butoxycarbonylphenyldiazene (209): Compound 208 (7.4mg, 44 mol, 
1 eq.), trifluoroacetic acid, and tert-butylcarbazate (12 mg, 88 mol, 2 eq.) were dissolved in 
methanol at rt and stirred overnight.  The solution turned a dark orange color, to which saturated 
sodium bicarbonate was added and allowed to stir for 10 minutes.  The solution was concentrated 
by rotary evaporation, and the residue was dissolved in ethyl acetate.  The organic layer was 
washed with water, a saturated brine solution, then concentrated in vacuo.  The residue was eluted 
by flash column chromatography using 3:7 ethyl acetate/pet. ether.  Compound 209 (7.5 mg, 0.028 
mmol, 68%) was isolated as yellow oil.  Rf  0.66 (1:19 ethyl acetate/hexanes); 1H NMR (CDCl3, 
500 MHz),  ppm 7.90 (d, J = 8.7 Hz, 1H), 7.77 (s, 1H), 6.95 (d, J = 8.7 Hz, 1H), 3.95 (s, 3H), 
2.27 (s, 3H), 1.68 (s, 9H); 13C NMR (CDCl3, 125 MHz): 162.9, 161.3, 145.8, 128.1, 127.2, 123.9, 
109.9, 84.46, 55.9, 28.1, 16.5; IR (liquid cell) max 2924, 2854, 1746, 1601, 1496, 1371, 1147, 







Method A; (TFA/chloroform):  To a stirred solution of compound 215 (35 mg, 0.212 mmol, 1 eq.) 
and tert-butylcarbazate (56mg, 42.4 mol, 2 eq.) in chloroform (2 mL) at 0 °C, trifluoroacetic acid 
(25 µL) was added.  The solution was allowed to stir for 45 minutes in an ice bath, warmed to rt, 
and allowed to react for 15 min.  The reaction was quenched with saturated sodium bicarbonate, 
diluted in methylene chloride, washed with water, brine, then dried over anhydrous sodium sulfate.  
The organic layer was then evaporated in vacuo.  The residue was chromatographed using 3:7 
ethyl acetate/pet. ether yielding product 216 (29.9 mg, 0.107 mmol, 51% yield) as an orange solid.  
m.p. 68.0-70.0 °C;  1H NMR (CDCl3, 500 MHz), 7.88 (dd, J = 8.7, 2.3 Hz, 1H), 7.79 (d, J = 2.2 
Hz, 1H), 6.96 (d, J = 8.7 Hz, 1H), 4.22 (t, J = 4.4 Hz, 2H), 4.05 (q  Gaussian, J = 4.4 Hz, 2H), 2.31 
(s, 3H), 1.68 (s, 9H): 13C NMR (CDCl3, 125 MHz),  161.5, 161.1, 145.8, 127.9, 126.6, 124.1, 
110.7, 84.4, 69.7, 61.4, 27.9, 16.3; IR (KBr disk) max 3434, 2924, 2853, 1745, 1602, 1499, 1458, 







Method B (AcOH/MeOH): To a stirred solution of 6-methyl-1,4-dioxaspiro[4.5]deca-6,9-dien-8-
one 215 0.143 mmol (0.0218 g) in methanol (1 mL) and glacial acetic acid (100 L) heated to 50 
°C, 1.1 equivalents (1.5 mmol, 0.020 g) of tert-butylcarbazate in methanol (0.5 mL) were added 
dropwise via syringe over 1 hour.  The solution was allowed to stir for 30 minutes, cooled to rt, 
extracted 8 times with 10 mL aliquots of hexanes, and evaporated in vacuo.  The residue was 
chromatographed using 1:4 EtOAc/hexanes followed by 3:7 and 1:4 EtOAc/hexanes yielding 




3-iodo-4-methoxy-N-BOC-phenyldiazene (211):  Compound 177 (11.3 mg, 40.3 mol, 1 eq.) 
and tert-butylcarbazate (11 mg, 80.7 mol, 2 eq.) were dissolved in 1,2-dichloroethane (2 mL) and 
cooled to 0 °C in an ice bath. 25 𝜇L of trifluoroacetic acid were added, and the solution was stirred 
at 0 °C for 1 hour.  The solution was removed from the ice bath and stirred at rt for 3 hours, and 
was monitored by TLC.  Saturated sodium bicarbonate was added and stirring was allowed to 
continue for 10 min.  The solution was then concentrated by rotary evaporation.  The residue was 
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dissolved in ethyl acetate, washed with water, then with saturated brine solution.  The organic layer 
was dried over anhydrous sodium sulfate and concentrated under reduced pressure, and the crude 
product was eluted by flash column chromatography using 1:9 ethyl acetate/pet. ether as the eluent.  
The product 211 (13.6 mg, 37.6 mol, 93% yield) was isolated as a yellow solid.  m.p. range: 81.5-
82.5 °C; 1H NMR (CDCl3, 500 MHz), δ ppm 8.37  (d, J = 2.3 Hz, 1H), 8.01 (dd, J = 6.4, 2.3 Hz, 
1H), 6.93 (d, J = 8.8 Hz, 1H), 3.98 (s, 3H), 1.66 (s, 9H); 13C NMR (CDCl3, 125 MHz), δ ppm 
162.1, 160.7, 146.5, 132.8, 128.7, 110.2, 86.7, 84.8, 56.9, 27.9; IR (KBr disk) max 2977, 2927, 
1754, 1495, 1248, 1148, 1040 cm-1; HRMS-ESI m/z for C12H16IN2O3 [M+H]+:  Calcd for: 




4-phenyl-N-BOC-phenyldiazene (217):  Compound 184 (5.6 mg, 28 mol) and tert-
butylcarbazate (7.4 mg, 56 mol, 2 eq.) were dissolved in 2 mL 1,2-dichloroethane and cooled to 
0 °C in an ice bath.  25𝜇L of trifluoroacetic acid were added, and the reaction was allowed to stir 
at 0 °C for 1 hour.  The reaction was allowed to warm to rt and left with stirring for 2 hours.  The 
reaction was quenched with saturated sodium bicarbonate then concentrated under reduced 
pressure.  The crude product was dissolved in ethyl acetate, washed with water, then brine solution. 
The organic layer was dried with anhydrous sodium sulfate and concentrated by rotary 
evaporation, and the residue was eluted by flash column chromatography using 1:9 ethyl 
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acetate/pet. ether as the eluent.  Compound 217 (7.8 mg, 27.6 𝜇mol 99% yield) was isolated as a 
yellow oil.  1H NMR (CDCl3, 500 MHz), δ 7.99 (d, J = 8.3 Hz, 2H), 7.75 (d, J = 8.3, 2H), 7.66 (d, 
J = 7.75 Hz, 2H), 7.48 (t, J = 7.7, 2H), 7.41 (t, J = 7.1 Hz, 1H), 1.68 (s, 9H); 13C NMR (CDCl3, 
125 MHz),  δ ppm 161.2, 150.8, 146.2, 139.7, 129.0, 128.4, 127.9, 127.3, 124.2, 85.0, 27.9; IR 
(KBr disk) max 2925, 1750, 1492, 1426, 1254, 1140 cm-1; HRMS-ESI m/z for C17H18N2NaO2 
[M+Na]+:  Calcd for: 305.1266.  Found: 305.1256 
 
 
Trimethyl(o-tolyl)silane (15):  One equivalent of Mg0 (95.7 mmol, 2.3265 g) was cleaned three 
times in 40 mL of 2M HCl, and then washed three times in DI water.  The Mg0 was drained and 
transferred to hexanes, then transferred to a 2-neck flask fitted with a three-way stopcock and glass 
stopper, and placed under vacuum.  The flask and Mg metal were flame-dried under vacuum and 
cooled under Ar, three times.  34 mL of distilled, anhydrous THF were added, followed by 1 
equivalent (94.8 mmol, 12 g) of o-chlorotoluene 368.  A few crystals of I2 were added, and the 
solution was brought to reflux.  The reaction was left at reflux for several hours until the Mg0 
dissolved, and 1.1 equivalents (104.0 mmol, 11.3 g) of chlorotrimethylsilane were added dropwise 
via syringe, and left at reflux overnight.  The solution was poured in 100 mL of 0.2N HCl and 100 
mL of ice.  The resulting mixture was placed in a 500 mL separatory funnel, to which 100 mL of 
diethyl ether were added.  The layers were separated, and the aqueous phase was extracted three 
times with 75 mL aliquots of Et2O.  The combined organic layers were washed with 100 mL of a 
saturated NaHCO3 solution, followed by 100 mL of a saturated NaCl solution.  The organic layer 
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was dried over anhydrous MgSO4, vacuum filtered, concentrated to dryness via rotary evaporation, 
and placed under high vacuum.  The crude, yellow oil was distilled at STP and the 127 °C boiling 
fraction was collected as a clear, colorless oil.  6.7522 g (41.1 mmol) of trimethyl(o-tolyl)silane 
369 were afforded in 44% yield, the data for which closely matched lit. values.172 
 
(2-(bromomethyl)phenyl)trimethylsilane (361):  30.7 mmol (5.0378 g) of trimethyl(o-
tolyl)silane 369  was weighed into a 100 mL flask and placed under Ar.  20 mL of anhydrous 
carbon tetrachloride were added via syringe.  One equivalent (30.7 mmol, 5.456 g), of NBS and 
0.005 equivalents (0.165 mmol, 0.040 g) of benzoyl peroxide were added.  The reaction was 
refluxed under Ar with stirring for 1 h, then allowed to cool to rt.  The solution was filtered and 
washed with 3 mL of cold carbon tetrachloride.  The CCl4 was removed through distillation at 
STP, and the remaining yellow oil was vacuum distilled, providing 2.9398 g (12.09 mmol) of (2-
(bromomethyl)phenyl)trimethylsilane 361 as a clear oil in 39% yield, the data for which closely 
matched lit. values.171 
 
 
(2-((((2R,3R,5S)-2-methoxy-5- phenyltetrahydrofuran-3 -yl)oxy)-methyl)phenyl) trimethyl 
silane (405):  To 0.100 g (0.515 mmol) of 402 suspended in 3ml of THF, 0.031 g (0.772 mmol) 
of 60% NaH were added at 0 °C.  The solution was brought to rt for 15 minutes, and 0.138 g (0.566 
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mmol) of 361 were added via syringe.  The reaction was heated to reflux, and allowed to stir 
overnight.  The solution was cooled to rt, and diluted with 5 ml of ethyl acetate, and washed with 
5 mL of water.  The aqueous layer was extracted three times with 10 mL of ethyl acetate.  The 
organic layers were combined and dried over anhydrous Na2SO4, filtered, and condensed by rotary 
evaporation to dryness.  The crude product was purified by flash column chromatography using 
16 g of silica gel (1:100) and eluted with 350 mL of 1:99 Et2O/hexanes and 200 mL 1:49 
Et2O/hexanes, providing 0.162 g, (0.0454 mmol), of 405 as a clear oil at a yield of 72%:  Rf  0.54 
(3:17 ethyl acetate/hexanes); 1H NMR (CDCl3, 500 MHz):  7.56 (dd, J = 7.4, 1.4 Hz, 1H), 7.50 
(dd, J = 7.7, 0.7 Hz, 1H), 7.41 (dt, J = 7.4, 1.4 Hz, 1H), 7.39-7.35 (m, 4H), 7.33-7.27 (m, 2H), 5.35 
(dd, J = 10.4, 6.0Hz, 1H), 5.12 (s, 1H), 4.71 (ABq, 2H  = 0.02, JAB = 11.4 Hz), 4.14 (d, J = 
4.7 Hz, 1H), 3.49 (s, 3H), 2.44 (dd, J = 13.4, 6.4 Hz, 1H), 2.10 (ddd, J = 14.8, 10.1, 4.7 Hz, 1H), 
0.38 (s, 9H)  13C NMR (CDCl3, 125 MHz):  143.1, 142.7, 138.3, 134.8, 129.4, 128.6, 128.5, 
127.5, 127.2, 126.4, 107.2, 83.8, 82.0, 71.5, 55.0, 38.8, 29.5, 0.4; IR (thin film) max 3058, 2952, 
2908, 2829, 1605, 1439, 1364, 1249, 1179, 1071, 1038, 837 cm-1; HRMS-ESI m/z [M+Na]+, Calcd 
for C21H28NaO3Si: 379.1705. Found 379.1667. 
 
 (2S,3aR,9bR)-2-phenyl-3,3a,5,9b-tetrahydro-2H-furo[3,2-c]isochromene (406):  0.042 mmol, 
(15.1 mg) of 405 were dissolved in 7 mL of DCM, [0.006], 2 equivalents (0.021 mL) of BF3.OEt2 
were added, and the solution was refluxed overnight.  The reaction was allowed to cool to rt, and 
10 mL of H2O were added, and the layers separated.  The aqueous layer was extracted three times 
with 10 mL of diethyl ether.  The organic layers were combined, and dried over anhydrous MgSO4, 
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vacuum filtered, and evaporated to dryness.  The residue was dissolved in 2 mL dry CCl4 to which 
2 mL of TFA were added.  The solution was placed under Ar and heated to 70 °C for 4 hours.  
Diethyl ether was added to the reaction mixture, and the TFA was neutralized with sat. NaHCO3.  
The layers were separated, and the aqueous layer was extracted three times with Et2O.  The 
combined organic layers were dried over anhydrous MgSO4, filtered, and concentrated in vacuo.  
The crude product was purified by flash column chromatography using 3 g of silica gel (1:200) 
and eluted with 100 mL of 1:99 Et2O/hexanes and 100 mL 1:49 Et2O/hexanes, providing 9.0 mg, 
(0.0357 mmol), of 406 as a clear oil at a yield of 84%.   Rf  0.31 (1:19 diethyl ether/hexanes);1H 
NMR (CDCl3, 500 MHz):  7.57-7.56 (m, 1H), 7.44-7.38 (m, 2H), 7.38-7.35 (m, 2H), 7.34-7.27 
(m, 3H), 7.11 (dd, J = 15.0, 7.5 Hz, 1H), 5.31 (dd, J = 10.5, 6.0 Hz, 1H), 4.97 (d, J = 3.5 Hz, 1H), 
4.84 (d, J = 14.5 Hz, 1H), 4.68 (d, J = 14.5 Hz, 1H), 4.47 (t, J = 4.0 Hz, 1H), 2.63 (ddd, J = 13.0, 
5.5, 0.5 Hz, 1H), 2.28 (ddd, J = 14.5, 10.0, 4.5 Hz, 1H) 13C NMR (CDCl3, 125 MHz): 142.6, 
134.7, 131.9, 130.3, 128.5, 128.0, 127.5, 127.4, 125.4, 124.2, 79.7, 78.4, 75.4, 67.2, 43.2; IR (thin 
film) max  2923, 1653, 1447, 1263, 1108, 1080, 1039, 742 cm-1; HRMS-ESI m/z [M+Na]+, Calcd 
for C17H16NaO2: 275.1048. Found 275.1029. 
 
Trimethyl((2S,3aR,9bR)-2-phenyl-3,3a,5,9b-tetrahydro-2H-furo[3,2-c]isochromen-6-
yl)silane (406a):  In the reaction of 405 to 406, regioisomer 406a was also produced.  Ether 405 
(0.495 mmol, 176.4 mg) yielded 406a (60.4 mg, 0.169 mmol, 38% yield)  Rf  0.11 (1:19 diethyl 
ether/hexanes);1H NMR (CDCl3, 500 MHz):  7.58 (dd, J = 9.0, 1.0 Hz, 1H), 7.47 (dd, J = 7.0, 1.0 
Hz, 1H) 7.45-7.43 (m, 2H), 7.39-7.27 (m, 2H), 5.32 (dd, J = 10.0, 5.5 Hz, 1H), 5.03 (d, J = 14.0 
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Hz, 1H), 4.97 (d, J = 3.0 Hz, 1H), 4.68 (d, J = 15.0 Hz, 1H), 4.45 (t, J = 4.0 Hz, 1H), 2.64 (ddd, J 
= 13.5, 6.0, 0.5 Hz, 1H), 2.29 (ddd, J = 15.0, 10.0, 4.5 Hz, 1H) 0.34 (s, 9H)  13C NMR (CDCl3, 
125 MHz): 142.6, 140.2, 135.3, 134.2, 131.5, 131.3, 128.5, 127.5, 126.8, 126.0, 79.5, 78.1, 76.1, 
67.8, 43.3; IR (thin film) max  3061, 2955, 2929, 1728, 1604, 1453, 1250, 1087, 1066, 1048, 838, 





phenyl)trimethylsilane (415):  To 18.3 mg (72.5 mol) of 414 suspended in 2 mL of THF, 4 
equivalents (11.6 mg, 0.290 mmol) of 60% NaH were added at 0 °C.  0.2 equivalents (5.4 mg, 14.5 
mol) of tetrabutylammonium iodide were then added.  The solution was brought to rt for 15 
minutes, and 1.1 equivalents (19.4 mg 79.8 mol) of 361 were added via syringe.  The reaction 
was heated to reflux, and allowed to stir overnight.  The solution was cooled to rt, and diluted with 
5 mL of ethyl acetate, and washed with 5 mL of water.  The aqueous layer was extracted three 
times with 10 mL of ethyl acetate.  The organic layers were combined and dried over anhydrous 
Na2SO4, filtered, and condensed by rotary evaporation to dryness.  The crude product was purified 
by flash column chromatography using 3.8 g of silica gel (1:100) and eluted with 50 mL of 1:9 
EtOAc/hexanes, providing 21.8 mg, (52.5 mol), of 415 as a clear oil at a yield of 72%;  Rf  0.71 
(2:3 ethyl acetate/hexanes);1H NMR (CDCl3, 500 MHz): d, J = 7.40 Hz, 2H), 7.39-7.35 
(m, 4H), 7.31-7.24 (m, 2H), 4.99 (d, J = 11.8, 1H), 4.60 (ABq, 2H  = 0.02, JAB = 12.1 Hz), 
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4.22 (d, J = 7.4 Hz, 1H), 43.67 (m, 1H), 3.62-3.58 (m, 2H), 3.57 (s, 3H), 3.51 (dd, J = 9.9, 4.5 Hz, 
1H), 3.28 (p,  J = 5.8 Hz, 1H), 2.18-2.14 (m, 1H), 1.74 (d, J = 12.4 Hz, 1H), 1.62-1.53 (m, 1H), 
1.44-1.36 (m, 1H), 0.34 (s, 9H) 13C NMR (CDCl3, 125 MHz): 144.3, 138.3, 134.4, 129.2, 128.4, 
128.2, 127.7, 127.6, 126.7, 106.4, 77.0, 74.7, 73.5, 72.7, 56.4, 28.9, 27.5, 0.2; IR (thin film) max  
3057, 3030, 2951, 2859, 1454, 1249, 1099, 1072, 838, 746 cm-1; HRMS-ESI m/z [M+Na]+, Calcd 




(2S)-2-((benzyloxy)methyl)-2,3,4,4a,6,10b-hexahydropyrano[3,2-c]isochromene (416):  0.026 
mmol, (11.0 mg), of 415 were dissolved in 5 mL of DCM, 2.5 equivalents (0.019 g, 0.066 mmol) 
of BF3.OEt2 were added, and the solution was refluxed overnight.  The reaction was allowed to 
cool to rt, and 10 mL of H2O were add, and the layers separated.  The aqueous layer was extracted 
3 times with 10 mL of diethyl ether.  The organic layers were combined, and dried over anhydrous 
MgSO4, vacuum filtered, and evaporated to dryness.  The residue was dissolved in 0.106 mL of 
1M TBAF (4 equivalents, 0.106 mmol).  The solution was placed under Ar and heated to 70 °C 
for 4 hours, cooled to rt and allowed to stir overnight.  20 mL of DI water was added to the reaction 
mixture, and the aqueous layer was extracted three times with 15 mL of diethyl ether, dried over 
anhydrous MgSO4, vacuum filtered, and evaporated under reduced pressure.  The crude product 
was purified by flash column chromatography using 0.750 g of silica gel (1:50) and eluted with 50 
mL each of 1:99, 1:49, and 1:19 EtOAc/hexanes, providing 4.7 mg, (15.1 mol), of 416 as a clear 
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oil at a yield of 55%.  Rf  0.20 (3:17 ethyl acetate/hexanes);1H NMR (CDCl3, 500 MHz): 
dJ = 7.4 Hz, 1H),m, 4H),7.32-7.24 (m, 3H),7.03 (d, J = 7.0 Hz, 1H),4.86 
(d, J = 4.4 Hz, 1H),4.80 (ABq, 2H),4.62 (s, 2H),4.00 (dt, J = 8.1, 4.4 Hz, 1H),3.84-3.80 (m, 
1H),3.67 (dd, J = 10.1, 6.1, 1H),3.58 (dd, J = 10.1, 4.7 Hz, 1H),2.0-1.94 (m, 1H),1.92 1.82 (m, 
2H),1.63-1.56 (m, 1H);13C NMR (CDCl3, 125 MHz): 138.4, 135.1, 132.9, 128.1, 127.6, 127.5, 
127.1, 123.8, 73.3, 71.5, 70.0, 69.8, 68.0, 64.6, 24.0, 22.9; IR (thin film) max  3063, 3029, 2855, 






pyran-3-yl)oxy)methyl)phenyl)silane (422):  To 23.8 mg (101 mol) of 421 suspended in 1 mL 
of toluene and 0.5 mL of DMF, 1.2 equivalents (5 mg, 0.121 mmol) of 60% NaH were added at 0 
°C.  0.2 equivalents (7.4 mg, 20.1 mol) of tetrabutylammonium iodide were then added.  The 
solution was brought to rt for 15 minutes, and 1.2 equivalents (29.4 mg 20.1 mol) of 361 were 
added via syringe.  The reaction was heated to 70 °C, and allowed to stir overnight.  The solution 
was cooled to rt, and diluted with 5 mL of ethyl acetate, and washed with 5 mL of water.  The 
aqueous layer was extracted three times with 10 mL of ethyl acetate.  The organic layers were 
combined and dried over anhydrous Na2SO4, filtered, and condensed by rotary evaporation to 
dryness.  The crude product was purified by flash column chromatography using 8.0 g of silica gel 
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(1:300) and eluted with 200 mL of 1:4 EtOAc/hexanes, providing 26.2 mg, (65.7 mol), of 422 as 
a clear oil at a yield of 65%;  Rf  0.36 (2:3 ethyl acetate/hexanes); 1H NMR (CDCl3, 500 MHz): 
7.59 (d, J = 7.4, 1.0 Hz, 1H), 7.39 (dt, J = 7.6, 1.4 Hz, 1H), 7.26 (dt, J = 7.4, 1.4 Hz, 1H), 5.09 
(d, J = 11.4, Hz, 1H), 4.74 (d, J = 11.4 Hz, 1H), 4.26 (d, J = 7.4 Hz, 1H), 3.68-3.19 (m, 6H), 3.66 
(s, 3H), 3.56 (s, 3H), 3.53 (s, 3H), 3.43 (s, 3H), 0.34 (s, 9H)13C NMR (CDCl3, 125 MHz): 144.3, 
137.6, 124.1, 129.24, 128.1, 126.6, 104.4, 86.3, 82.4, 79.8, 74.6, 71.3, 61.2, 60.4, 59.4, 56.9; IR 
(thin film) max  3055, 2899, 1447, 1381, 1250, 1188, 1090, 996 cm-1; HRMS-ESI m/z [M+Na]+, 





[3,2-c]isochromene (423):  20.1 mol, (8.0 mg), of 422 were dissolved in 4 mL of DCM, and 3 
equivalents (8 L) of BF3.OEt2 were added, and the solution was refluxed overnight.  The reaction 
was allowed to cool to rt, and 10 mL of H2O were added, and the layers separated.  The aqueous 
layer was extracted two times with 15 mL of diethyl ether.  The organic layers were combined, 
and dried over anhydrous MgSO4, vacuum filtered, and evaporated to dryness.  The residue was 
dissolved in 1 mL dry CCl4 to which 1 mL of TFA was added.  The solution was placed under Ar 
and heated to 70 °C for 4 hours.  Diethyl ether was added to the reaction mixture, and the TFA 
was neutralized with sat. NaHCO3.  The layers were separated, and the aqueous layer was extracted 
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three times with Et2O.  The combined organic layers were dried over anhydrous MgSO4, filtered, 
and concentrated in vacuo.  The crude product was purified by flash column chromatography using 
0.5 g of silica gel (1:100) and eluted with 10 mL each of 3:17 and 1:4 EtOAc/hexanes, providing 
6 mg, (20.4 mol), of 423 as a clear oil at a yield of 68%.  Rf  0.33 (1:4 ethyl acetate/hexanes); 1H 
NMR (CDCl3, 500 MHz): 7.49 (d, J = 7.7 Hz, 1H),7.33-7.23 (m, 2H),7.03 (d, J = 6.7 Hz, 
1H),5.13 (d, J = 6.1 Hz, 1H),4.85 (ABq, J = 15.8 Hz, 2H),4.11 (dd, J = 8.9, 6.2 Hz, 1H),3.66-
3.34 (m, 6H),3.67 (s, 3H),3.51 (s, 3H),3.45 (s, 3H)13C NMR (CDCl3, 125 MHz): 135.0, 132.0, 
127.5, 127.3, 126.3, 123.8, 79.6, 79.2, 77.2, 74.0, 72.1, 71.4, 69.0, 63.0, 60.1, 59.7, 59.3; IR (thin 
film) max  3056, 2951, 2835, 1446, 1382, 1090, 839 cm-1; HRMS-ESI m/z [M+Na]+, Calcd for 




(o -ethynylbenzyl alcohol (429):  In a two-neck round bottom flask, 1 equivalent (4.27 mmol, 1.0 
g) of o-iodobenzyl alcohol 430 and 42 mL (301 mmol, 70 equivalents) of triethylamine were added 
under Ar.  0.04 equivalents (0.17 mmol, 0.200 g) of tetrakis(triphenylphospine)palladium0 and 
0.08 equivalents (0.342 mmol, 0.065) of CuI were added, and the solution was stirred for five 
minutes.  1.2 equivalents (5 mmol, 0.504 g) of ethynyltrimethylsilane were added dropwise via 
syringe, and allowed to stir at rt for 2 hours.  50 mL of DCM and 50 mL of a saturated NH4Cl 
solution were added, and the layers were separated.  The aqueous layer was extracted three times 
with 50 mL of DCM, and the combined organic layers were dried over anhydrous sodium sulfate, 
decanted, and evaporated to dryness.  The crude residue was run through a silica gel plug using 
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DCM.  The combined fractions were concentrated by rotary evaporation, providing 0.850 g of the 
intermediate, (2-((trimethylsilyl)-ethynyl)phenyl)methanol 433 in 97% return, based on crude 
yield.  433 was dissolved in 21.5 mL of methanol, and 3.43 equivalents (14.6 mmol, 0.850 g) of 
potassium fluoride were added.  The reaction was allowed to stir for 4 hours, and the reaction 
mixture was transferred to a separatory funnel with 50 mL of DCM and 50 mL of DI water was 
added.  The aqueous layer was extracted three times with 50 mL of DCM, and dried over 
anhydrous sodium sulfate, decanted, and concentrated in vacuo.  The crude residue was 
recrystallized from hot hexanes several times, providing 0.258 g (1.95 mmol) of o -ethynylbenzyl 
alcohol 429 as white needlelike crystals in 46% yield, the data for which closely matched lit. 
values.187   1H NMR (CDCl3,500 MHz):   ppm 7.49 (dd, J = 7.6, 1.2 Hz, 1H), 7.43 (ddd, J = 7.7, 
1.3, 0.6 Hz, 1H), 7.35 (td, J = 2 x 7.6, 1.3 Hz, 1H), 7.24 (td, J = 2 x 7.6, 1.4 Hz, 1H), 4.80 (s, 2H), 




1H-isochromene (37):  In a 25 mL sealed tube, 0.1 equiv. (0.110 g, 0.15 mmol) of CpRuCl(PPh3)2 
was suspended in 10 mL of n-butylamine, and 1 equiv. (0.200 g, 1.5 mmol) of (2-
ethynylphenyl)methanol 429 was added.  The solution was heated to 90 °C with stirring for 6 hrs.  
The solution was transferred and evaporated to dryness via rotary evaporation.  The crude oil was 
dissolved in n-pentane and extracted three times with 20 mL of saturated ammonium chloride.  
The aqueous layer was extracted three times with 20 mL of n-pentane, separated, and the organic 
layers were combined, dried with anhydrous sodium sulfate, then the solvent was removed by 
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simple distillation at 50-60 °C.  The oil was eluted through a short silica gel column (4 g) using n-
pentanes, providing 0.086 g (0.651 mmol) of the known 1H-isochromene 37 in 43% yield as a 
clear, colorless oil.  Rf  0.78 (1:9 ethyl acetate/hexanes);1H NMR (CDCl3, 500 MHz):  ppm 7.15-
7.09 (m, 1H), 7.05 (td, J = 2 x 7.5, 1.2 Hz, 1H), 6.87 (dd, J = 11.4, 7.5 Hz, 1H), 6.49 (d, J = 5.7 




(3R,4R)-3-methoxyisochroman-4-ol (435)  1.55 equiv. (1.34 g, 7.76 mmol) of 77% mCPBA and 
1 equiv. (0656 g, 5 mmol) of 1H-isochromene 37 was added to a 25 mL flask, 12 mL of methanol 
were added, and the solution was stirred at rt, overnight.  10 mL of a 1 mL sodium hydroxide 
solution were added, and allowed to stir for 5 min.  The solution was neutralized with 6M HCl, 
and the layers were separated.  The aqueous layer was washed three times with 10 mL of ethyl 
acetate, and the organic layers were combined, washed with 10 mL of saturated NH4Cl, water, and 
a saturated sodium chloride solution, then dried over anhydrous sodium sulfate.  The extract was 
decanted, washed three times with 5 mL of ethyl acetate, and concentrated by rotary evaporation.  
The crude residue was purified by flash column chromatography, using 40g (45:1 ratio) of silica 
gel, and eluted with 100 mL of 1:4 ethyl acetate/hexanes, then 400 mL of 2:3 ethyl acetate/hexanes.  
0.8944 g (4.96 mmol) of 3-methoxyisochroman-4-ol 435 was delivered in 34% yield as a white, 
crystalline solid.  Rf  0.23 (2:3 ethyl acetate/hexanes);1H NMR (CDCl3, 500 MHz): ppm 7.30 
(dd, J = 5.1, 3.9 Hz, 1H), 7.16-7.13 (m, 2H), 6.85 (dd, J = 5.0, 3.8 Hz, 1H), 4.67-4.61 (m, 2H), 
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4.46 (d, J = 15.1 Hz, 1H), 4.25 (d, J = 2.7 Hz, 1H), 3.35 (s, 3H); 13C NMR (CDCl3, 125 MHz):  
ppm 134.5, 133.4, 127.3, 127.01, 126.97, 122.9, 98.5, 66.2, 61.8, 56.1 
 
 
(2-((((3R,4R)-3-methoxyisochroman-4-yl)oxy)methyl)phenyl)trimethylsilane (436):  To 
0.3069 g (1.70 mmol) of 435 suspended in 34 mL of THF, 3 equivalents (0.168 g, 4.2 mmol) of 
60% NaH were added at 0 °C.  0.2 equivalents (126 mg, 341 mol) of tetrabutylammonium iodide 
were then added.  The solution was brought to rt for 15 minutes, and 2.4 equivalents (497 mg, 2.04 
mmol) of 361 were added via syringe.  The reaction was heated to reflux, and allowed to stir 
overnight.  The solution was cooled to rt, and diluted with 50 mL of ethyl acetate, and washed with 
50 mL of water.  The aqueous layer was extracted three times with 50 mL of ethyl acetate.  The 
organic layers were combined and dried over anhydrous Na2SO4, filtered, and condensed by rotary 
evaporation to dryness.  The crude product was purified by flash column chromatography using 
3.8 g of silica gel (1:60) and eluted with 700 mL of 1:49 EtOAc/hexanes, providing 576.5 mg, 
(1.68 mmol), of 415 as a clear oil at a yield of 99%;  Rf  0.63 (3:17 ethyl acetate/hexanes); 1H 
NMR (CDCl3, 500 MHz): ppm 7.59 (d, J = 7.7 Hz, 1H), 7.56 (dd, J = 7.4, 1.0 Hz, 1H), 7.44-
7.41 (m, 2H), 7.33-7.29 (m, 3H), 7.11-7.09 (m, 1H), 5.08 (d, J = 2.7 Hz, 1H), 4.82-4.85 (m, 4H), 
4.46 (d, J = 2.7, 1H), 3.58 (s, 3H), 0.34 (s, 9H)13C NMR (CDCl3, 125 MHz):  143.8, 138.0, 
134.6, 134.4, 131.0, 129.9, 129, 4, 128.4, 128.2, 126.9, 126.8, 123.9, 100.8, 74.3, 71.2, 62.2, 56.0; 
IR (thin film) max  3055, 2953, 2900, 1445, 1250, 1085, 840, 747 cm-1; HRMS-ESI m/z [M+Na]+, 





4b,6,10b,12-tetrahydroisochromeno[4,3-c]isochromene (437):  0.692 mmol, (236.9 mg), of 436 
were dissolved in 110 mL of DCM, 4 equivalents (0.341 g, 2.40 mmol) of BF3.OEt2 and refluxed 
overnight.  The reaction was allowed to cool to rt, and 10 mL of H2O were add, and the layers 
separated.  The aqueous layer was extracted 3 times with 10 mL of diethyl ether.  The organic 
layers were combined, and dried over anhydrous MgSO4, vacuum filtered, and evaporated to 
dryness.  The residue was dissolved in 22 mL dry CCl4 to which 22 mL of TFA was added.  The 
solution was placed under Ar and heated to 70 °C for 4 hours, cooled to rt and allowed to stir 
overnight.  50 mL of DI water was added to the reaction mixture, and the aqueous layer was 
extracted three times with 50 mL of diethyl ether, dried over anhydrous MgSO4, vacuum filtered, 
and evaporated under reduced pressure.  The crude product was purified by flash column 
chromatography using 20 g of silica gel (1:100) and eluted with 1 L of 1:49 EtOAc/hexanes, 
providing 106.1 mg, (0.445 mmol), of 437 as a clear oil at a yield of 65%.  Rf  0.24 (3:17 ethyl 
acetate/hexanes); 1H NMR (CDCl3, 500 MHz):  ppm 7.54 (dd, J = 5.3, 3.6 Hz, 2H), 7.34 (dd, J = 
5.7, 3.3 Hz, 4H), 7.11 (dd, J = 5.2, 3.6 Hz, 2H), 4.99 (s, 4H), 4.53 (s, 2H); 1H NMR (C6D6, 500 
MHz):  7.67 (d, J = 7.7 Hz, 2H), 7.31 (t, J = 7.4 Hz, 2H), 7.23 (td, J = 7.4, 1.0 Hz, 2H), 6.83 (d, 
J = 7.7 Hz, 2H), 4.92 (d, J = 14.8 Hz, 1H), 4.79 (d,  J = 14.8 Hz, 1H), 4.41 (s, 2H) 13C NMR 
(CDCl3, 125 MHz):  135.4, 132.0, 130.8, 128.7, 124.2, 71.1, 68.4; IR (thin film) max 3068, 3025, 




















Trimethyl(4b,6,10b,12-tetrahydroisochromeno[4,3-c]isochromen-1-yl)silane (437a):  In the 
reaction of 436 to 437, regioisomer 437a was also produced.  Rf  0.38 (3:17 ethyl acetate/hexanes); 
1H NMR (C6D6, 500 MHz): 7.75 (t, J = 6.6 Hz, 2H), 7.61-7.60 (m, 1H), 7.40-7.34 (m, 2H), 7.25 
(t, J = 7.1 Hz, 1H), 6.86 (d, J = 7.4 Hz, 1H), 5.35 (d, J = 14.8 Hz, 1H), 5.06 (d, J = 14.8 Hz, 1H), 
4.95 (d, J = 14.8 Hz, 1H), 4.82 (d, J = 14.8 Hz, 1H), 4.47 (s, 2H), 0.32 (s, 9H) 13C NMR (C6D6, 
125 MHz):  ppm 142.0, 136.6, 135.2, 135.0, 133.3, 132.8, 132.7, 131.3, 128.1, 127.3, 126.8, 
124.5, 72.3, 71.4, 69.5, 68.4,-0.2; IR (thin film) max 3055, 2953, 2900, 1446, 1386, 1358, 1250, 




(4bR,10bR)-10b,12-dihydroisochromeno[4,3-c]isochromen-6(4bH)-one (438):  0.445 mmol 
(0.1061 g) of 437 and 10 mL of anhydrous benzene were added to an oven-dried flask under argon.  
5 equivalents (0.480 g, 2.23 mmol) of PCC were ground in a mortar and pestle with 1.061 g of 
Celite, and 0.5 equivalents (0.048 g, 0.223 mmol) of the PCC/Celite mixture were added.  The 
solution was refluxed with stirring under argon for 1 h, and an additional 0.5 equiv. were added 
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and refluxed for an additional hour.  The reaction was cooled to rt, vacuum filtered, and evaporated 
to dryness via rotary evaporation.  The crude residue was purified by flash column chromatography 
using 5.6 g (50:1 ratio) of silica gel, and eluted with 100 mL of 3:7 ethyl acetate/hexanes.  The 
product 438 was provided as a white solid (5.9 mg, 23.4 mol) in 5% yield.  Rf 0.24 (2:3 ethyl 
acetate/hexanes); 1H NMR (CDCl3, 500 MHz):  ppm 8.23 (d, J = 7.6 Hz, 1H), 7.72 (td, J = 2 x 
7.5, 1.2 Hz, 1H), 7.62-7.55 (m, 3H), 7.43-7.36 (m, 2H), 7.14 (d, J = 7.5 Hz, 1H), 5.41 (d, J = 1.5 
Hz, 1H), 5.04 (s, 2H), 4.77 (d, J = 1.7 Hz, 1H); 13C NMR (CDCl3, 125 MHz):  164.0, 136.5, 
134.5, 134.3, 130.6, 130.3, 129.7, 129.24, 129.16, 127.6, 124.9, 72.8, 70.3, 68.2; IR (thin film) 
max 3039, 2950, 2885, 1718, 1605, 1459, 1251, 1277, 1087, 755 cm-1; HRMS-ESI m/z [M+H]+, 




4-methoxyoxazolidin-2-one (456):  115 mmol (10.0 g) of oxazolidin-2-one 457 and 3.6 mol % 
(1.25 g, 4.15 mmol) of tetraethylammonium tosylate were combined in a 1 L reaction chamber, to 
which 1 L of methanol was added.  Carbon electrodes were inserted into the chamber and current 
was applied, (30.1 V, 0.23 A).  The reaction was left undisturbed for 5.5 days, cooled in a passive, 
room temperature water bath (30 L H2O), and the methanol was removed via rotary evaporation.  
The off-white, crude solid was dissolved in 250 mL of CH2Cl2 and washed with 100 mL of 
saturated sodium bicarbonate, 50 mL of DI water, then 50 mL brine.  The organic layer was dried 
over anhydrous MgSO4, vacuum filtered, and concentrated to dryness through rotary evaporation.  
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The aqueous layers were backextracted two times with 100 mL of CH2Cl2, dried over MgSO4, 
filtered, and placed in a freezer overnight. The crude product was dissolved in 200 mL of CH2Cl2 
and also placed in the freezer.  The organic layers were combined and vacuum filtered, washed 
with 25 mL of cold methanol, and dried under high vacuum.  8.34 g (71.2 mmol) of 4-
methoxyoxazolidin-2-one 456 was afforded as a white, crystalline solid in 62% yield.  1H NMR 
(CDCl3, 500 MHz): 7.46 (s, 1H), 5.06 (dd, J = 5.9, 1.0 Hz, 1H), 4.45 (ddd, J = 9.9, 6.0, 0.4 Hz, 
1H), 4.28 (d, J = 10.0 Hz, 1H), 3.34 (s, 1H) 
 
 
Oxazol-2(3H)-one (28):  An oven-dried 100 mL rd. bot. flask was fitted with a dry condenser and 
cooled under Ar.  29.46 mmol (3.45 g) of 4-methoxyoxazolidin-2-one 456 were added to the flask, 
and 8 equivalents (13.5 mL, 236.25 mmol) of glacial acetic acid and 1 equivalent (2.78 mL, 29.46 
mmol) of acetic anhydride were added via syringe.  The solution was heated to 132 °C over 1 hour 
with stirring, and allowed to reflux for one additional hour.  The solution was cooled to rt, and the 
solvent was removed azeotropically with n-hexanes (six times with 50 mL) through rotary 
evaporation.  The residue was dissolved in 15 mL of boiling ethyl acetate, cooled to rt, iced, and 
diethyl ether was added until cloud point (~12 mL).  The recrystallized product was dried over 
anhydrous MgSO4, vacuum filtered, washed with 10 mL of ice-cold diethyl ether, and placed under 
high vacuum.  Oxazol-2(3H)-one 28 was provided 1.54 g (18.1 mmol) as a white, crystalline solid 
in 61% yield.  Rf 0.26 (1:1 ethyl acetate/hexanes); 1H NMR (CDCl3, 500 MHz): 9.48 (s, 1H), 





(E)-hepta-4,6-dienal (560):  In an oven-dried 100 mL flask, 0.045 equivalents (2.68 mmol, 0.22 
g) of sodium acetate and 0.04 equivalents (2.38 mmol, 0.758 g) of mercury(II) acetate were added.  
59.5 mmol (5.8 mL) of 2-methyl-1-(vinyloxy)propane 557 and 4 equivalents of 1, 4-pentadien-3-
ol 558 (238 mmol, 23.14 mL) were added via syringe.  The reaction was refluxed for 2 days, 
cooled, and distilled under 7mm Hg vacuum.  4.9 g (44.5 mmol) (E)-hepta-4,6-dienal 560 was 
provided in 75% yield as a clear, colorless oil.  , 1H NMR (CDCl3, 500 MHz): 9.77 (s, 1H), 6.28 
(dt, J = 17.0, 2 x 10.3 Hz, 1H), 6.08 (dd, J = 15.0, 10.6 Hz, 1H), 5.72-5.64 (m, 1H), 5.11 (d, J = 
16.7 Hz, 1H), 4.99 (d, J = 10.1 Hz, 1H), 2.55 (t, J = 2 x 7.2 Hz, 2H), 2.42 (q, J = 3 x 7.1 Hz, 2H) 
 
 
(E)-hepta-4,6-dien-1-yl 4-methylbenzenesulfonate (562):  18.9 mmol (2.0847 g) of (E)-hepta-
4,6-dienal 560 and 5.5 mL of 4:1 methanol/THF were cooled to 0 °C with stirring.  1 equivalent 
(18.9 mmol, 0.716 g) of sodium borohydride were added in four portions over four hours, the ice 
bath was removed, and the reaction was allowed to rise to rt over one hour.  The reaction was 
quench with acetone at 0 °C. The solvent was then partially removed by rotary evaporation, diethyl 
ether was added, and was carefully removed via  rotary evaporation.  The crude oil was dissolved 
in 40 mL H2O and extracted three times with 25 mL of diethyl ether, dried over anhydrous MgSO4, 
vacuum filtered, and carefully evaporated under vacuum.  1.60 g (14.3 mmol) (E)-hepta-4,6-dien-
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1-ol 561 was delivered as a very volatile, clear, colorless oil in 75% yield.   Rf 0.53 (1:1 ethyl 
acetate/hexanes). 
2.67 mmol (0.300 g) of (E)-hepta-4,6-dien-1-ol 561 was dissolved in 1.5 mL of CH2Cl2 in a 10 
mL flask under Ar.  The solution was cooled to 0 °C, and 0.1 equivalents (0.27 mmol, 0.033 g) of 
DMAP, 11 equivalents (2.94 mmol, 0.56 g) of p-tosyl chloride, and 2 equivalents (5.38 mmol, 
0.75 mL) of triethylamine were added.  The reaction was held at 0 °C for 5 hours, then 30 mL of 
dilute sodium bicarbonate solution were added.  The organic layer was removed, and the aqueous 
layer was extracted three times with 25 mL of diethyl ether.  The organic layers were combined 
and dried over anhydrous MgSO4, vacuum filtered, and concentrated through rotary evaporation.  
The crude residue was purified by flash column chromatography (20:1 silica gel ratio), and eluted 
with 100 mL of 1:19 ethyl acetate/hexanes.  0.2740 g (1.03 mmol) of (E)-hepta-4,6-dien-1-yl 4-
methylbenzenesulfonate 562 was provided as a clear, colorless oil in 54% yield. Rf  0.25 (1:9 ethyl 
acetate/hexanes);1H NMR (CDCl3, 500 MHz): 7.31 (d, J = 7.9 Hz, 1H), ), 7.75 (d, J = 8.1 Hz, 
1H), 6.20 (dt, J = 17.1, 2 x 10.3 Hz, 1H), 5.92 (dd, J = 15.1, 10.5 Hz, 1H), 5.55-5.47 (m, 1H), 5.03 
(d, J = 17.0 Hz, 1H), 4.93 (d, J = 10.1 Hz, 1H), 3.99 (t, J = 2 x 6.3 Hz, 1H), 2.41 (s, 1H), 2.08 (q, 
J = 3 x 7.1 Hz, 1H), 1.71 ( p, J = 4 x 6.8, 1H) 
 
 
(E)-3-(hepta-4,6-dien-1-yl)oxazol-2(3H)-one (563):  1.2 equivalents (7.80 mmol, 0.662 g) of 
oxazol-2(3H)-one 28 was weighed into an oven-dried, 50 mL flask, and 20 mL of DMSO were 
added via syringe.  The reaction flask was cooled in a cool water bath, and 1.3 equivalents (8.43 
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mmol, 0.337 g) of 60% sodium hydride were added.  6.48 mmol (1.7273 g) of (E)-hepta-4,6-dien-
1-yl 4-methylbenzenesulfonate 562 was dissolved in 10 mL DMSO and added dropwise to the 
reaction flask by syringe.  The reaction was left to stir at rt for 24 hours, then the solution was 
dissolved in 500 mL of DI H2O, and was extracted five times with 50 mL of ethyl acetate, then 
five times with 50 mL of diethyl ether.  The combined organic layers were dried with anhydrous 
MgSO4, vacuum filtered, and concentrated by rotary evaporation.  The crude product was purified 
by flash column chromatography using 130 g silica gel (~100:1 ratio), and eluted with 1 L of 1:4 
ethylacetate/hexanes, then 600 mL of 1:1 ethyl acetate/hexanes.  0.5824 g (3.25 mmol) (E)-3-
(hepta-4,6-dien-1-yl)oxazol-2(3H)-one 563 was provided as a white solid in 50% yield.  Rf  0.17 
(1:4 ethyl acetate/hexanes);1H NMR (CDCl3, 500 MHz): 6.79 (d, J = 2.0 Hz, 1H), 6.50 (d, J = 
2.1 Hz, 1H), 6.28 (dt, J = 17.0, 2 x 10.2 Hz, 1H), 6.07 (dd, J = 15.2, 10.4 Hz, 1H), 5.68-5.61 (m, 
1H), 5.11 (d, J = 17.0 Hz, 1H), 4.99 (d, J = 10.1 Hz, 1H), 3.56 (t, J = 2 x 7.2 Hz, 2H), 2.13 (q, J = 




(31S,9aR)-4,5,6,6a,9,9a-hexahydrooxazolo[5,4,3-ij]quinolin-2(31H)-one (525/526):  In a 10 mL 
microwave vessel, 0.279 mmol (50 mg) of (31S,5aS,8aR)-31,4,5,5a,8,8a-hexahydro-2H-
oxazolo[5,4,3-hi]indol-2-one 563, 5 mL of o-DCB, and the tip of a spatula-full of DHQ were 
added.  The solution was degassed by bubbling argon through for 45 minutes.  The vessel was 
added to a microwave reactor, and stirred for 7 hours at 300 W, 190 °C, and 300 psi max.  The 
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reaction mixture was concentrated via rotary evaporation, and purified by flash column 
chromatography using 5.5 g (100.1:1 ratio) of silica gel and eluted with 300 mL of 1:4 ethyl 
acetate/hexanes, followed by 200 mL of 1:1 ethyl acetate/hexanes.  The cis and trans products 
were separated in a 2.4:1 ratio of 525 and 526 as white solids (0.272 g, 1.52 mmol 525 and 0.114 
g 0.636 mmol 526) in 54% of cis isomer 525 and 23% of trans isomer 526 (77% overall yield).  
(cis, 525) Rf  0.20 (1:1 ethyl acetate/hexanes);1H NMR (CDCl3, 500 MHz):   5.95 (td, J = 2 x 7.2, 
3.8 Hz, 1H), 5.69 (d, J = 9.7 Hz, 1H), 4.91 (ddd, J = 9.1, 2.3, 1.1 Hz, 1H), 3.98 (dd, J = 9.0, 4.5 
Hz, 1H), 3.85 (d, J = 13.3 Hz, 1H), 2.89-2.74 (m, 1H), 2.62 (dd, J = 16.4, 6.9 Hz, 1H), 2.20 (s, 
1H), 2.09-1.97 (m, 2H), 1.78-1.67 (m, 1H), 1.54 (m, 2H); HRMS-ESI m/z [M+Na]+, Calcd for 
C10H13NNaO2: 202.0844. Found 202.0841. 
(trans, 526) Rf  0.26 (1:1 ethyl acetate/hexanes); 1H NMR (CDCl3, 500 MHz):  5.79 (d, J = 3.8 Hz, 
2H), 4.62 (td, J = 2 x 8.1, 5.9 Hz, 1H), 3.91 (dd, J = 13.8, 5.5 Hz, 1H), 2.99 (td, J = 13.2, 113.0, 
4.0 Hz, 1H), 2.96-2.87 (m, 2H), 2.22 (dd, J = 14.6, 5.6 Hz, 1H), 2.15 (dd, J = 12.9, 3.2 Hz, 1H), 
1.84 (dd, J = 12.3, 10.2 Hz, 1H), 1.72 (dq, J = 10.3, 3 x 3.6 Hz, 1H), 1.66-1.53 (m, 1H), 1.46 (qd, 











(E)-ethyl hexa-3,5-dienoate (565):  A 2-neck 500 mL rd. bot. flask was flame dried three times, 
and cooled under Ar.  133 mL of THF and 1.2 equivalents (40.0 mmol, 5.6 mL) of 
diisopropylamine were added, and cooled to 0 °C in an ice-water bath.  1.1 equivalents (15.7 mmol, 
15.7 mL) of 2.5M n-butyllithium in hexanes were added dropwise via syringe over 10 minutes, 
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and left stirring at rt for 30 minutes.  The solution was cooled to –78 °C in a dry ice/acetone bath, 
and 1.3 equivalents (18.55 mmol, 8.0 mL) of HMPA were added dropwise by syringe.  The 
solution was left stirring for 45 minutes.  1 equivalent (35.7 mmol, 5.0 g) of ethyl sorbate 564 was 
added via syringe over 35 minutes, and left to react for 2.5 hours.  The solution was transferred to 
120 mL of 0.8 M acetic acid with rapid stirring via a cannula.  The organic layer was separated, 
and extracted five times with 25 mL of pentane, then extracted with 50 mL each of dilute sodium 
bicarbonate, DI water, brine.  The organic layers were combined and dried over anhydrous MgSO4, 
vacuum filtered, and concentrated to dryness by rotary evaporation.  The crude residue was 
purified by flash column chromatography through 200 g of silica gel, and eluted with 1 L of 1:49 
ethyl acetate/hexanes, and 1 L 1:19 ethyl acetate/hexanes.  3.0 g (21.4 mmol) of (E)-ethyl hexa-
3,5-dienoate 565 was provided in 60% yield as a yellow oil.  Rf  0.74 (1:9 ethyl acetate/hexanes); 
1H NMR (CDCl3, 500 MHz): 6.34 (dt, J = 17.0, 2 x 10.4 Hz, 1H), 6.15 (dd, J = 15.3, 10.5 Hz, 
1H), 5.83-5.75 (m, 1H), 5.17 (d, J = 17.0 Hz, 1H), 5.07 (d, J = 10.1 Hz, 1H), 4.15 (q, J = 3 x 7.1 
Hz, 1H), 3.12 (d, J = 7.2 Hz, 1H) 
 
 
(E)-hexa-3,5-dien-1-yl 4-methylbenzenesulfonate (567):  In a flame-dried rd. bot. flask under 
Ar, 14.55 mmol (1.36 equivalents, 0.55 g) of lithium aluminum hydride were added, followed by 
8 mL of diethyl ether via syringe.  The solution was cooled to 0 °C in an ice water bath, and 10.7 
mmol (1.5 g) of (E)-ethyl hexa-3,5-dienoate 565 in 2.5 mL of anhydrous diethyl ether via syringe 
over 5 minutes.  The ice water bath was removed and the reaction was left stirring for 3.5 hours.  
The reaction was cooled to 0 °C and 7.5 mL of water were added dropwise, followed by 7.5 mL 
349 
 
of diethyl ether, then 22.5 mL of 2M sulfuric acid.  The layers were separated, then the aqueous 
layer was extracted two times with 50 mL of diethyl ether.  The combined organic layers were 
washed with 25 mL of brine, dried over anhydrous MgSO4, vacuum filtered, and the diethyl ether 
was mostly evaporated by rotary evaporation.  The clear, colorless oil, (E)-hexa-3,5-dien-1-ol 566, 
was not quantified due to the high volatility of the product.  Rf  0.46 (1:1 ethyl acetate/hexanes) 
10.2 mmol (1.0 g) of (E)-hexa-3,5-dien-1-ol 566 was dissolved in 28 mL of CH2Cl2 in a 100 mL 
flask under Ar with stirring.  The solution was cooled to 0 °C, and 0.009 equivalents (0.09 mmol, 
0.011 g) of DMAP, 1.2 equivalents (12.2 mmol, 2.324 g) of p-tosyl chloride, and 1.84 mL of 
triethylamine were added.  The reaction was stirred at rt for 24 hours, then 30 mL of dilute sodium 
bicarbonate solution were added.  The organic layer was removed, and the aqueous layer was 
extracted three times with 25 mL of diethyl ether.  The organic layers were combined and dried 
over anhydrous MgSO4, vacuum filtered, and concentrated through rotary evaporation.  The crude 
residue was purified by flash column chromatography (20:1 silica gel ratio), and eluted with 500 
mL of hexanes, followed by 300 mL of 1:9 ethyl acetate/hexanes.  2.2821 g (9.04 mmol) of (E)-
hexa-3,5-dien-1-yl 4-methylbenzenesulfonate 567 were afforded as a clear, colorless oil in 89% 
yield.  Rf 0.63 (1:4 ethyl acetate/hexanes) 
 
(E)-3-(hexa-3,5-dien-1-yl)oxazol-2(3H)-one (568):  1.1 equivalents (8.00 mmol, 0.6803 g) of 
oxazol-2(3H)-one 28 was weighed into an oven-dried, 100 mL rd. bot. flask, and 30 mL of DMSO 
were added via syringe.  The reaction flask was cooled in a cold water bath, and 1.2 equivalents 
(8.73 mmol, 0.349 g) of 60% sodium hydride were added.  7.27 mmol (1.849 g) of (E)-hexa-3,5-
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dien-1-yl 4-methylbenzenesulfonate 567 was dissolved in 20 mL DMSO and added dropwise to 
the reaction flask by syringe.  The reaction was left to stir at rt for 24 hours, then the solution was 
dissolved in 550 mL of DI H2O, and was extracted five times with 50 mL of ethyl acetate, then 
five times with 50 mL of diethyl ether.  The combined organic layers were dried with anhydrous 
MgSO4, vacuum filtered, and concentrated by rotary evaporation.  The crude product was purified 
by flash column chromatography using 110g silica gel (~100:1 ratio), and eluted with 1 L of 1:4 
ethyl acetate/hexanes, 1 L of 1:3 ethyl acetate/hexanes, then 300 mL of 1:2 ethyl acetate/hexanes.  
0.929 g (5.62 mmol) of (E)-3-(hepta-4,6-dien-1-yl)oxazol-2(3H)-one 568 was delivered as a white 
solid in 77% yield.  Rf  0.74 (4:1 ethyl acetate/hexanes); 1H NMR (CDCl3, 500 MHz): 6.75 (s, 
1H), 6.50 (s, 1H), 6.25 (dt, J = 17.4, 2 x 10.2 Hz, 1H), 6.06 (dd, J = 14.4, 11.1 Hz, 1H), 5.62-5.53 
(m, 1H), 5.10 (d, J = 17.0 Hz, 1H), 4.99 (d, J = 10.0 Hz, 1H), 3.60 (t, J = 2 x 6.6 Hz, 1H), 2.42 (q, 
J = 3 x 6.6 Hz, 1H) 13C NMR (CDCl3, 125 MHz): 155.5, 136.3, 134.1, 128.9, 127.3, 116.6, 





(31S,5aS,8aR)-31,4,5,5a,8,8a-hexahydro-2H-oxazolo[5,4,3-hi]indol-2-one (569):  General Pro-
cedure:  In a 10 mL microwave reactor vessel, 76 mol (12.6 mg) of (E)-3-(hexa-3,5-dien-1-
yl)oxazol-2(3H)-one 568, 1.5 mL of o-dichlorobenzene, and 150L of anhydrous DMF were 
added.  The tip of a spatula-full of dihydroquinone was added, and the vessel was purged with Ar 
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and sealed.  The solution was degassed, and placed inside the microwave reactor.  The reactor was 
set to 250 °C, 300 W, and 300 max. psi.  The reaction was run for 5 hours, and cooled to rt, and 
the solvent was removed by rotary evaporation.  The crude residue  was purified by flash column 
chromatography using 6 g of silica gel (~50:1 ratio), and eluted with 100 mL of 1:19 ethyl 
acetate/hexanes, followed by 125 mL of 1:1 ethyl acetate/hexanes.  8.1 mg (49.0 mol) of 
(31S,5aS,8aR)-31,4,5,5a,8,8a-hexahydro-2H-oxazolo[5,4,3-hi]indol-2-one 569 was provided in 
64% yield.  Rf  0.36 (1:1 ethyl acetate/hexanes); 1H NMR (CDCl3, 500 MHz):    5.75-5.71 ( 
complex m, 1H), 5.57-5.53 (dm, J = 10.1 Hz, 1H), 4.93-4.90 (dm, J = 8.7 Hz, 1H), 4.08 (tm, J = 
2 x 7.4 Hz, 1H), 3.48 (dt, J = 11.1, 2 x 8.1 Hz, 1H), 3.09 (ddd, J = 11.1, 9.1, 4.0 Hz, 1H), 2.48 
(ddd, J = 17.1, 6.7, 2.0 Hz, 1H), 2.49-2.44 (m, 1H),  2.19 (ddt, J = 13.1, 9.2, 2 x 7.9 Hz, 1H), 2.07 
(app. ddt, J = 17.1, 6.4, 2 x ~3.2 Hz, 1H), 1.90 (dddd, J = 13.0, 8.3, 3.9, 2.7 Hz, 1H); 13C NMR 
(CDCl3, 125 MHz):  161.3, 130.7, 124.9, 71.3, 60.8, 44.7, 35.0, 33.4, 26.9; IR (thin film) max 
2962, 2922, 1738, 1708, 1385, 1353, 1198, 1084, 1044, 946 cm-1; HRMS-ESI m/z [M+Na]+, Calcd 




(31S,5aR,7bR)-hexahydro-1H-oxazolo[5,4,3-hi]oxireno[2,3-e]indol-4(2H)-one (569):  840.8 
mol (138.9 mg) of (31S,5aR,7bR)-hexahydro-1H-oxazolo[5,4,3-hi]oxireno[2,3-e]indol-4(2H)-
one 569 were weighed into an oven-dried 25 mL flask, and 3 mL of anhydrous CH2Cl2 were added 
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via syringe.  4 equivalents (3.36 mmol, 583 mg) of mCPBA were dissolved in 10 mL of benzene 
and washed five times with 5 mL of 7.4 pH NaH2PO4/NaOH buffer, then dried over anhydrous 
sodium sulfate, and decanted.  Additional benzene was added to a total volume of 10 mL, and 
added to the reaction flask by syringe.  The reaction was left to stir at rt for 12 hours, and transferred 
to a 100 mL beaker.  25 mL of a saturated Na2SO3 solution was added, and stirred for 2 hours.  30 
mL of a dilute sodium bicarbonate solution were added and stirred vigorously for 5 minutes, 
diluted with 30 mL of CH2Cl2, and separated.  The aqueous layer was extracted with three times 
with 30 mL of CH2Cl2.  The combined organic layers were dried with anhydrous sodium sulfate, 
decanted, and concentrated in vacuo.  The crude residue was purified by flash column 
chromatography using 7.5 g of silica gel (~50:1 ratio), and eluted with 300 mL of 2:1 diethyl 
ether/hexanes and 180 mL of 1:19 acetone/CH2Cl2.  133.1 mg (805.7 mol) of 588 and 589 were 
provided as a white, crystalline solid in 87% overall yield (3:1 ratio, 97.8 mg (592 mol) of 588 
(major) and 35.3 mg (213.7 mol) of 589).  (major) Rf  0.41 (1:19 acetone/DCM); 1H NMR 
(CDCl3, 500 MHz):   4.78 (td, J = 2 x 7.8, 6.4 Hz, 1H), 4.11 (t, J = 2 x 8.4 Hz, 1H), 3.90 (ddd, J 
= 11.8, 7.7, 1.7 Hz, 1H), 3.24-3.23 (m, 1H), 3.16-3.15 (m, 1H), 3.14 (ddd, J = 11.8, 10.1, 6.4 Hz, 
1H), 2.90-2.84 (m, 1H), 2.37 (ddd, J = 15.3, 6.4, 3.9 Hz, 1H), 2.19 (dddd, J = 12.6, 7.6, 6.4, 2.0 
Hz, 1H), 2.12 (ddd, J = 15.3, 7.7, 1.8 Hz, 1H), 1.75 (dtd, J = 12.6, 2 x 10.1, 8.1 Hz, 1H); 13C NMR 
(CDCl3, 125 MHz):  160.0, 72.2, 58.3, 52.1, 49.2, 46.8, 37.9, 31.4, 27.2; IR (thin film) max 
2984.08, 2946.14, 2881.25, 1741.64, 1400.43, 1228.46, 1034.71, 911.71, 802.67 cm-1; HRMS-ESI 
m/z [M+H]+, Calcd for C9H12NO3: 182.0817. Found 182.0831. 
(minor) Rf 0.27 (1:19 acetone/DCM); 1H NMR (CDCl3, 500 MHz):   4.76 (dd, J = 9.4, 4.7 Hz, 
1H), 3.97 (dd, J = 8.7, 7.1 Hz, 1H), 3.64 (dt, J = 10.8, 2 x 8.4 Hz, 1H), 3.28 (broad t, J = 2 x 3.7 
Hz, 1H), 3.18 (ddd, J = 10.8, 9.4, 3.7 Hz, 1H), 3.16 (broad d, J = 4.1 Hz, 1H), 2.56 (ddd, J = 16.5, 
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3.4, 1.0 Hz, 1H), 2.46 (tm, J = 2 x 7.2 Hz, 1H), 2.36 (dq, J = 13.0, 3 x 8.5 Hz, 1H), 2.29 (dddd, J 
= 13.1, 8.4, 3.7, 2.3 Hz, 1H), 2.03 (dd, J = 16.6, 4.5 Hz, 1H); 13C NMR (CDCl3, 125 MHz):  
160.4, 69.7, 57.5, 53.3, 50.3, 44.3, 33.6, 31.9, 25.5; IR (thin film) max  2981.24, 2912.04, 1744.70, 
1402.95, 1254.00, 1210.14, 1044.31, 857.40, 839.27 cm-1; HRMS-ESI m/z [M+Na]+, Calcd for 




(31S,5aR,8aR)-hexahydro-2H-oxazolo[5,4,3-hi]indole-2,6(31H)-dione (576):  125 mol (227 
mg) of (31S,5aR,6aR,7aS,7bR)-hexahydro-1H-oxazolo[5,4,3-hi]oxireno[2,3-e]indol-4(2H)-one 
588 were weighed into an oven-dried 5 mL flask, fitted with a dried condenser, and placed under 
Ar.  An oil bath was preheated to 75 °C, and 2.5 mL of -trifluorotoluene and 2.5 equivalents 
(313 mol, 39.3 L) of BF3.OEt2 were added to the reaction flask via syringe.  The flask was 
placed in the oil bath, and allowed to react for 1 hour with stirring, then the temperature was raised 
to 85 °C, and the reaction was continued for one additional hour.  The solution was cooled to rt, 
and 2 mL of saturated sodium bicarbonate solution were added with stirring for 5 minutes.  The 
trifluorotoluene was removed in vacuo, and the crude product was purified by flash column 
chromatography using 2.2 g of silica gel (~100:1 ratio) and eluted with 200 mL of 1:99 
isopropanol/CH2Cl2, then 100 mL of 1:49 isopropanol/CH2Cl2.  9.2 mg (50.8 mol) of 
(31S,5aR,8aR)-hexahydro-2H-oxazolo[5,4,3-hi]indole-2,6(31H)-dione  576 were provided as a 
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white, crystalline solid in 41% yield.  Rf  0.42 (1:19 acetone/DCM); 1H NMR (CDCl3, 500 MHz):  
 5.06 (dm, J = 8.1 Hz, 1H), 4.35 (t, J = 2 x 7.6 Hz, 1H), 3.62 (dt, J = 11.4, 2 x 7.7 Hz, 1H), 3.16 
(ddd, J = 11.5, 9.2, 4.5 Hz, 1H), 2.71 (tbd, J = 2 x 7.5, 2.7, 1H), 2.65-2.59 (m, 1H), 2.53 (dd, J = 
13.5, 5.7 Hz, 1H), 2.47-2.41 (m, 2H), 2.21 (tdd, J = 2 x 13.0, 5.4, 2.1 Hz, 1H), 2.10  (dq, J = 13.4, 
3 x ~8.2 Hz, 1H); 13C NMR (CDCl3, 125 MHz):  208.4, 160.3, 70.4, 62.8, 47.5, 45.4, 32.2, 28.2, 
25.7; IR (thin film) max 2924, 2854, 1744, 1709, 1388, 1204, 1047, 945, 775 cm-1; HRMS-ESI 
m/z [M+H]+, Calcd for C9H12NO3: 182.0817. Found 182.0840. 
 
 
(31S,5aR,6S,8aR)-6-hydroxyoctahydro-2H-oxazolo[5,4,3-hi]indol-2-one (586) and 7-hydroxy 
(587):  423 mol (76.6 mg) of (31S,5aR,6aS,7aR,7bR)-hexahydro-1H-oxazolo[5,4,3-
hi]oxireno[2,3-e]indol-4(2H)-one 589 were added to an oven-dried 100 mL flask and placed under 
Ar.  22 mL of anhydrous THF were added via syringe, and cooled to 0 °C in an ice water bath, 
then 2.5 equivalents (1.056 mmol, 1.06 mL) of SuperHydride, 1.0M in THF were added..  The 
reaction was left to react for 2 hours, and was quenched with 12 mL of DI water.  THF was 
removed by rotary evaporation, and transferred to a separatory funnel with 12 mL H2O and 10 mL 
of CH2Cl2, and the layers were separated.  The aqueous layer was expanded by the addition of 10 
mL DI water, and extracted ten times with 10 ml of 2:1 CHCl3/isopropanol.  The combined organic 
layers were dried over anhydrous sodium sulfate, decanted, and concentrated by rotary 
evaporation.  The crude residue was purified by flash column chromatography using 92 g of silica 
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gel (~1200:1 ratio) and eluted with 1.4 L of 1:4 isopropanol/diethyl ether.  43.2 mg (0.236 mmol) 
of 586 and 587 combined were afforded in 53% overall yield in a 1:1.4 ratio of 586/587. (major, 
587) Rf 0.25 (1:19 i-PrOH/DCM); 1H NMR (CDCl3, 500 MHz):   4.92 (dt, J = 8.0, 4.0, 4.0 Hz, 
1H), 4.04-3.96 (m, 1H), 3.94 (app. t, J = 7.4, 5.7 Hz, 1H), 3.70 (app. dt, J = 11.2, 8.1, 7.4 Hz, 1H), 
3.20 (ddd, J = 11.5, 9.2, 4.1 Hz, 1H), 2.19-2.04 (m, 3H), 2.03-1.99 (m, 1H), 1.87 (dddd, J = 10.8, 
8.5, 4.2, 2.3 Hz, 1H), 1.59-1.54 (m, 1H), 1.12 (ddd, J = 13.9, 11.7, 9.2 Hz, 1H); 1H NMR (C6D6, 
500 MHz):   4.03 (dt, J = 7.7, 3.9, 3.9 Hz, 1H), 3.52 (dt, J = 11.2, 7.8, 7.8 Hz, 1H), 3.27 (br. s, 
1H), 2.86 (app. t, J = 7.1, 7.1 Hz, 1H), 2.63 (ddd, J = 11.3, 9.4, 4.5 Hz, 1H), 1.53 (dt, J = 15.6, 3.5, 
3.5 Hz, 1H), 1.32-1.18 (m, 2H), 1.14-1.03 (m, 3H), 0.77-0.70 (m, 1H); IR (thin film) max 3423, 
2934, 1732, 1395. 1320. 1203. 1049. 1009, 969, 775 cm-1; 13C NMR (CDCl3, 125 MHz):  161.4, 
64.9, 60.4, 44.6, 34.2, 33.8, 33.7, 32.3; HRMS-ESI m/z [M+Na]+, Calcd for C9H13NNaO3: 
206.0793. Found 206.0805. 
(minor, 586) Rf 0.33 (1:19 i-PrOH/DCM); 1H NMR (CDCl3, 500 MHz):   4.92 (dt, J = 8.0, 4.0, 
4.0 Hz, 1H), 4.04-3.96 (m, 1H), 3.94 (app. t, J = 7.4, 5.7 Hz, 1H), 3.70 (app.dt, J = 11.2, 8.1, 7.4 
Hz, 1H), 3.20 (ddd, J = 11.5, 9.2, 4.1 Hz, 1H), 2.19-2.04 (m, 3H), 2.03-1.99 (m, 1H), 1.87 (dddd, 
J = 10.8, 8.5, 4.2, 2.3 Hz, 1H), 1.59-1.54 (m, 1H), 1.12 (ddd, J = 13.9, 11.7, 9.2 Hz, 1H); 1H NMR 
(C6D6, 500 MHz):   4.03 (dt, J = 7.7, 3.9, 3.9 Hz, 1H), 3.52 (dt, J = 11.2, 7.8, 7.8 Hz, 1H), 3.27 
(br. s, 1H), 2.86 (app. t, J = 7.1, 7.1 Hz, 1H), 2.63 (ddd, J = 11.3, 9.4, 4.5 Hz, 1H), 1.53 (dt, J = 
15.6, 3.5, 3.5 Hz, 1H), 1.32-1.18 (m, 2H), 1.14-1.03 (m, 3H), 0.77-0.70 (m, 1H);13C NMR (CDCl3, 
125 MHz):  71.2, 68.8, 59.5, 48.1, 27.1, 26.1, 23.5; IR (thin film) max 3421, 2940, 1737, 
1393, 1211, 1067, 1042, 1021, 969, 779 cm-1; HRMS-ESI m/z [M+H]+, Calcd for C9H14NO3: 
184.0974. Found 184.0971. 





(31S,5aR,8aR)-hexahydro-2H-oxazolo[5,4,3-hi]indole-2,6(31H)-dione 576 and 7-one 577:  40 
mol (7.2 mg) of a 1:4 mixture of 586 and 587 was added to 5 mL flask  and placed under Ar, and 
50 mg of crushed, flame-dried 3Å molecular sieves were added.  1.5 mL of anhydrous CH2Cl2 and 
3 equivalents (120 mol, 25 mg) of PCC were added.  The reaction was left stirring for 2 hours, 
then diluted with 3 mL of diethyl ether, and stirred for 5 minutes.  The crude was filtered through 
a Celite plug, and washed with 10 mL diethyl ether.  The organic layer was dried over anhydrous 
sodium sulfate, decanted, and rotary evaporated.  The compounds were separated by flash column 
chromatography using 350 mg (~50:1 ratio) of “Silica-9” and eluted with 10 mL of 3:97 
acetone/CH2Cl2 and 10 mL of 1:4 acetone/CH2Cl2.  1.2 mg (6.6 mol) of (31S,5aR,8aR)-
hexahydro-2H-oxazolo[5,4,3-hi]indole-2,6(31H)-dione 576 (17%) and 577 (decomposed upon 
purification) were provided in 85% yield based upon the mixture ratio and  the total theoretical 
yield.  577, Rf 0.50 (1:9 acetone/DCM); 1H NMR (CDCl3, 500 MHz):   ppm 5.16 (d, J = 6.0 Hz, 
1H), 4.13 (s, 1H), 3.79 (q, J = , 3 x 8.6 Hz, 1H), 3.35 (t, J = 2 x 11.2 Hz, 1H), 2.91 (d, J = 18.5 Hz, 
1H), 2.53-2.37 (m, 3H), 2.32-2.14 (m, 1H), 1.95-1.82 (m, 2H). 
576, Rf 0.75 (1:9 acetone/DCM); 1H NMR (CDCl3, 500 MHz):   5.06 (dm, J = 8.1 Hz, 1H), 4.35 
(t, J = 2 x 7.6 Hz, 1H), 3.62 (dt, J = 11.4, 2 x 7.7 Hz, 1H), 3.16 (ddd, J = 11.5, 9.2, 4.5 Hz, 1H), 
2.71 (tbd, J = 2 x 7.5, 2.7, 1H), 2.65-2.59 (m, 1H), 2.53 (dd, J = 13.5, 5.7 Hz, 1H), 2.47-2.41 (m, 
2H), 2.21 (tdd, J = 2 x 13.0, 5.4, 2.1 Hz, 1H), 2.10  (dq, J = 13.4, 3 x ~8.2 Hz, 1H); 13C NMR 
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(CDCl3, 125 MHz):  208.4, 160.3, 70.4, 62.8, 47.5, 45.4, 32.2, 28.2, 25.7 HRMS-ESI m/z [M+H]+, 
Calcd for C9H12NO3: 182.0817. Found 182.0840. 
 
(31S,5aR,11bR)-1,31,5a,6,11,11b-hexahydroindolo[2,3-e]oxazolo[5,4,3-hi]indol-4(2H)-one 
(605)  53.5 mol (9.7 mg) of (31S,5aR,8aR)-hexahydro-2H-oxazolo[5,4,3-hi]indole-2,6(31H)-
dione 576 was placed in an oven-dried 5 mL flask under Ar.  1 mL of anhydrous CH2Cl2 and 6 
equivalents (321 mol, 34.7 mg) of phenylhydrazine hydrochloride and 20 equivalents (1.07 
mmol, 82 L) of trifluoroacetic acid were added.  The solution was heated to 40 °C, and left with 
stirring for 24 hours.  The solution was diluted with 10 mL of ethyl acetate, and 20 mL of saturated 
sodium bicarbonate solution was added.  The layers were separated, and the aqueous layer was 
extracted three times with 30 mL ethyl acetate.  The combined organic layers were dried over 
anhydrous MgSO4, vacuum filtered, and concentrated by rotary evaporation.  The crude residue 
was purified by flash column chromatography using 1 g of silica gel (100:1 ratio) and eluted with 
100 mL of 1:19 acetone/CH2Cl2.  9.2 mg (36.2 mol) of (31S,5aR,11bR)-1,31,5a,6,11,11b-
hexahydro-indolo[2,3-e]oxazolo[5,4,3-hi]indol-4(2H)-one 605 was provided in 67% yield as a 
white solid.  Rf 0.47 (1:9 acetone/DCM); 1H NMR (CDCl3, 500 MHz):   7.91 (s, 1H), 7.47 (d, J 
= 7.7 Hz, 1H), 7.31 (d, J = 7.6 Hz, 1H), 7.16 (t, J = 2 x 7.6 Hz, 1H), 7.11 (t, J = 2 x 7.4 Hz, 1H), 
5.28 (ddd, J = 7.7, 4.4, 1.7 Hz, 1H), 4.41 (t, J = 2 x 7.7 Hz, 1H), 3.80 (ddd, J = 12.1, 7.7, 4.5 Hz, 
1H), 3.46-3.41 (m, 1H), 3.38 (dd, J = 16.8, 1.7 Hz, 1H), 3.18 (dt, J = 11.7, 2 x 7.6 Hz), 2.95 (ddd, 
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J = 16.8, 4.4, 2.0 Hz, 1H), 2.48 (dtd, J = 13.1, 2 x 8.1, 5.0 Hz, 1H), 2.21-2.13 (m, 1H); 13C NMR 
(CDCl3, 125 MHz):  160.0, 135.3, 131.2, 126.2, 121.1, 118.8, 117.3, 109.7, 104.4, 71.4, 61.0, 
44.8, 33.2, 30.3, 23.2 
 
(3aS,7R,7aS)-2,3,3a,6,7,7a-hexahydro-1H-indol-7-ol (617):  159 mol (26.3 mg) of (31S,5aS, 
8aR)-31,4,5,5a,8,8a-hexahydro-2H-oxazolo[5,4,3-hi]indol-2-one 569 was placed in a 25 mL flask, 
and 19 equivalents (3.0 mmol, 1.5 mL) of 2M lithium hydroxide and 3 mL of THF were added.  
The flask was fitted with a condenser and refluxed with stirring for 24 hours.  The reaction was 
cooled to rt, and extracted with five times with 10 mL of DCM.  The organic layers were combined, 
dried over anhydrous sodium sulfate, decanted, and concentrated by rotary evaporation.  Amino 
alcohol 606 was dissolved in 3 mL of absolute ethanol and 5 drops of concentrated hydrochloric 
acid were added.  Amine salt 617 appeared as a fine suspension, and was vacuum filtered and dried 
under vacuum.  The crude residue was triturated in chloroform for 20 minutes, vacuum filtered, 
and dried under rotary evaporation, providing 28 mg (0.160 mmol) of the amine hydrochloride salt 
of (3aS,7R,7aS)-2,3,3a,6,7,7a-hexahydro-1H-indol-7-ol 617 in quantitative yield over two steps.  
Rf 0.11 (7:92:1 methanol/DCM/triethylamine)  1H NMR (DMSO-d6, 500 MHz):  9.91-9.45 (m, 
1H), 8.54-8.16 (m, 1H), 5.65 (dm, J = 10.1 Hz, 1H), 5.60 (d, J = 3.7 Hz, 1H), 5.45 (dm, J = 10.1 
Hz, 1H), 4.01-3.96 (m, 1H), 3.72 (dd, J = 6.6, 3.9 Hz, 1H), 3.17 (ddd, J = 11.4, 7.8, 3.5 Hz, 1H), 
3.02-2.97 (m, 1H), 2.93 (td, J = 2 x 10.6, 7.1 Hz, 1H), 2.24-2.14 (m, 2H), 2.02 (ddt, J = 12.7, 9.8, 
2 x 7.7 Hz, 1H), 1.78 (ddt, J = 12.6, 6.4, 2 x 3.2 Hz, 1H); 13C NMR (DMSO-d6, 125 MHz):  




(31S,5aR,6S,7R,8aR)-6,7-dihydroxyoctahydro-2H-oxazolo[5,4,3-hi]indol-2-one (622):  887 
mol (150.1 mg) of (31S,5aS,8aR)-31,4,5,5a,8,8a-hexahydro-2H-oxazolo[5,4,3-hi]indol-2-one 569 
was weighed into a 15 mL flask, and 4.33 mL of acetone and 2.13 mL of DI water were added, 
followed by 3 equivalents (2.66 mmol, 318 mg in 0.3 mL of water) of NMO.  The reaction flask 
was cooled to 0 °C in an ice water bath, and 8 mol (0.009 equivalents, 0.812 mL) of 2.5% OsO4 
in tert-butanol was added.  The solution was stirred at rt for 24 hours, and 10 mL of a 5% Na2S2O3 
solution was added.  The mixture was stirred for 30 minutes, then the acetone was evaporated, and 
the aqueous solution was extracted with three times 30 mL of ethyl acetate and washed with 10 
mL of a saturated brine solution.  The combined organic layers were dried over anhydrous sodium 
sulfate, decanted, and concentrated by rotary evaporation.  The aqueous layers were extracted ten 
times with 10 mL of 2:1 CHCl3/isopropanol, dried over sodium sulfate, decanted, and concentrated 
in vacuo.  The combined crude residues were purified by flash column chromatography using 10.0 
g of silica gel (100:1 ratio), and eluted with 200 mL of 2.5% methanol in CH2Cl2, 100 mL of 3.5% 
methanol in CH2Cl2, and 50 mL of 5% methanol in CH2Cl2. 131.7 mg (66.2 mol) of 
(31S,5aR,6S,7R,8aR)-6,7-dihydroxyoctahydro-2H-oxazolo[5,4,3-hi]indol-2-one 622 was provided 
in 75% yield as a white, crystalline solid.  Undeuterated:  Rf  0.42 (1:9 acetone/DCM); 1H NMR 
(acetone-d6, 500 MHz):   4.88 (ddd, J = 8.2, 5.0, 3.4 Hz, 1H), 4.05 (app. t, J = 2 x 8.4Hz, 1H), 
3.86-3.85 (m, 2H), 3.82 (dddd, J = 8.3, 4.2, 2.7, 1.3 Hz, 1H), 3.63 (ddd, J = 11.4, 7.9, 3.3 Hz, 1H), 
3.60-3.57 (m, 1H), 2.97-2.91 (m, 1H) , 2.51, (ddd, J = 16.2, 8.2, 5.4 Hz, 1H), 2.17, (dddd, J = 14.9, 
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8.8, 5.0, 1.2 Hz, 1H), 2.11-2.10 (m, 1H), 1.92 (app. dt, J = 14.9, 3.8, 3.4 Hz, 1H), 1.61 (ddt, J 
=13.0, 8.2, 2 x 8.1 Hz, 1H); 13C NMR (acetone-d6, 125 MHz):  132.5, 74.6, 72.0, 66.7, 59.6, 
47.8, 43.9, 32.9, 31.9; IR (thin film) max 3404, 2953, 1732, 1401, 1215, 1075, 1012, 775 cm-1 
HRMS-ESI m/z [M+Na]+, Calcd for C9H13NNaO4: 222.0742. Found 222.0755. 
Deuterated:  1H NMR (acetone-d6, 500 MHz):   ppm 4.88 (ddd, J = 8.2, 5.0, 3.2 Hz, 1H), 4.06 
(app. t, J = 2 x 8.4Hz, 1H), 3.82 (ddd, J = 8.7, 4.1, 2.7 Hz, 1H), 3.62 (ddd, J = 11.4, 7.8, 3.4 Hz, 
1H), 3.57 (dd, J = 5.4, 2.4Hz, 1H), 2.93 (ddd, J = 11.4, 8.4, 7.1 Hz, 1H), 2.51, (dq, J = 3 x 8.1, 5.7 
Hz, 1H), 2.17, (ddd, J = 14.7, 9.0 5.4 Hz, 1H), 2.11-2.10 (m, 1H), 1.89 (ddd, J = 15.0, 7.1, 3.4 Hz, 
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